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This thesis presents the ﬁrst, preliminary, measurements of the Σ and G polarisation
observables from strangeness photoproduction on a frozen spin polarised target, for
the reactions γp → K+Λ and γp → K+Σ0. The data were collected at the Thomas
Jeﬀerson National Accelerator Facility using the CLAS detector in Experimental
Hall B in conjunction with the FROST longitudinally polarised frozen spin target
and a linearly polarised photon beam in the energy range W = 1.66 to 2.32 GeV.
The work forms part of a wider experimental program seeking to obtain experi-
mental data on the excitation spectrum of the nucleon in order to better understand
its structure via the measurement of polarisation observables, whose sensitivity to
resonances makes them a desirable quantity to measure. By studying strangeness
reactions, it may be possible to ﬁnd “missing” baryon resonances, predicted by sym-
metric quark models but not observed in previous experiments, whose results are
consistent with the di-quark model. It is thought these “missing” resonances remain
undiscovered because they have diﬀerent coupling strengths for diﬀerent reaction
channels, such as the strangeness reactions, whereas the current data is dominated
by studies of πN reactions.
Measurements of the photon asymmetry, Σ, have been made which agree with
previous CLAS measurements, validating the use of the FROST polarised target
for the measurement of other polarisation observables, such as the G beam-target
double observable. The G observable was measured on the FROST target via two
techniques; from beam asymmetry measurements for the two available states of
target polarisation, and a novel double asymmetry method intended to combine all
the available polarised data.
Some inconsistencies between the G measurements for each state of target po-
larisation are observed, particularly at forward angles, and are much greater once
dilution eﬀects from the target material are accounted for. As well as these dilution
eﬀects, the double asymmetry technique is also limited by insuﬃcient constraint of
the associated parameters from the limited data available on the reactions studied.iii
For K+Λ, the results are compared to the Kaon-MAID isobaric model calcu-
lations, both with and without the inclusion of the missing D13 resonance. Both
calculations are inconclusive when compared with the data, although at higher en-
ergies the calculation without the D13 state better matches the trend of the results.
For K+Σ, the model prediction, which does not include any missing states, shows
agreement with the trend of the data for some of the energy bins. In light of this
new data, reﬁtting of the models should be undertaken, as the next step in the
theoretical interpretation of these results.
These measurements provide new information to the world dataset of polarisa-
tion observables, and with further analysis of the associated systematics of beam
polarisation and dilution, the data will provide new insights into the process of
strangeness photoproduction.Declaration
The data presented in this thesis were obtained as part of the g9a collaboration at
the Thomas Jeﬀerson National Accelerator Facility, Virginia, USA, and the Nuclear
Physics Experimental Group, School of Physics and Astronomy, The University of
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Introduction
The work presented here is concerned with the measurement of the Σ beam polar-
isation observable and the ‘G’ beam-target double polarisation observable for the
reactions γp → K+Λ0 and γp → K+Σ0 on a polarised butanol (proton) target.
The measurements of the Σ observable were also compared to previous data, for
veriﬁcation of the methods used to account for the bound nucleons contained in the
molecular target materials used.
The analysis performed here is part of a wider experimental program seeking to
obtain experimental data on the excitation spectrum of the nucleon in order to better
understand its structure. This opening chapter will discuss the motivation for the
extraction of polarisation observables for strangeness photoproduction reactions and
review the underlying physics behind the ﬁeld of nucleon resonance spectroscopy.
1.1 Motivation
Baryon spectroscopy is the study of excited states of the nucleon. These excited
states, or resonances, are of interest in the ﬁeld of hadronic physics as they aid in
the study of the internal structure of the nucleon and the interactions of the quarks
therein. Such studies require not only a determination of the existence of these
states, but a detailed knowledge of their quantum numbers and physical properties.
Figure 1.1 shows the total photoproduction cross section on the proton for several
meson production channels. Resonant behaviour can be seen in several reaction
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Figure 1.1: Cross-sections on the proton for meson photoproduction in the energy
range 0.2 - 2.0 GeV. Resonant structures are visible at several energies for vari-
ous reaction channels, although many other resonances are hidden in cross section
measurements due to the wide and overlapping nature of the contributing states [1].
channels, and several states appear to contribute to the overall measurement.
Phenomenological models of the nucleon, in the energy regime where many res-
onances exist, are based on non-perturbative descriptions of Quantum Chromody-
namics (QCD). These models consider the degrees of freedom of the quarks in the
nucleon in order to predict a series of resonances. The diﬀerences between these
models lead to the prediction of slightly diﬀerent excitation spectra of the nucleon,
which includes several states not seen in the existing data, giving rise to the so-called
“Missing Resonance” problem. The experimental observation of these excited states
provides evidence favouring or contradicting the models, and allows experimentally
consistent models to be improved upon.
By exciting nucleons in a target with an incident electromagnetic beam of suﬃ-
cient energy, these resonant states can be created and studied from their decay prod-
ucts. Studying an individual resonance requires ﬁnding and separating its signature
in experimental data from the multitude of other states which are also present. This
can be particularly diﬃcult for some states, depending on the width of the cross sec-
tion, proximity in energy to other states, and the coupling strength to the reaction3 Chapter 1. Introduction
studied.
It is clear from ﬁgure 1.1 that cross section measurements alone are not suﬃcient
to distinguish the resonance spectrum, and other experimental probes of resonant
structure are required. The recent availability of high-quality, high-statistics data
from polarised beams and targets at facilities such as Jeﬀerson Lab enable the study
of polarisation observables; properties associated with the polarised particles or the
polarised photon beam in a reaction, highly sensitive to the presence of resonances.
Additionally, strangeness reaction channels, such as γp → K+Λ0 and γp → K+Σ0,
allow the possibility of measuring the polarisation of the recoiling hyperon, pro-
viding access to the full set of polarisation observables associated with strangeness
photoproduction.
In conjunction with data from complimentary analyses on past, present, and
future experiments at the same facility, this work will help facilitate a near model-
independent partial wave analysis for strangeness photoproduction; a so-called “Com-
plete Experiment”, which is expected to identify “Missing Resonances” if they exist
and help determine the baryon spectrum.
1.1.1 Quantum Chromodynamics
The strongly-interacting systems studied by hadronic physics are described by the
theory of Quantum Chromodynamics (QCD), which describes strong force interac-
tions in the standard model. QCD is a non-abelian gauge theory of coloured quarks,
thought to come in six ﬂavours - up, down, strange, charm, top and bottom.
In the context of the standard model, QCD is able to describe a range of com-
posite sub-atomic particles, known as hadrons, via combinations of these quarks,
and account for numerous hadronic states through the arrangement of associated
quantum numbers such as isospin and ﬂavour, which have been introduced to the
standard model at various points during its development [2].
The introduction of the strangeness quantum number, and attempts to cate-
gorise the numerous hadronic states observed by experiment in terms of symmetries
led to the grouping of hadrons according to the “eight-fold way” [3], developed in-
dependently by Gell-Mann and Ne’eman. This scheme arranged the hadrons into4 Chapter 1. Introduction
multiplets of nearly equal masses, along axes of strangeness and charge, as shown
in ﬁgure 1.2. The connection between this scheme and the resulting correspondence
of the then-known hadrons to the SU(3) symmetry group led to the prediction,
and eventual discovery, of the Ω−, a powerful demonstration of successful feedback
between theory and experiment.
Figure 1.2: Hadron Multiplets of the “Eight-fold Way”. From left; the meson nonet,
spin 1
2 baryon octet and spin 3
2 baryon decuplet.
As a consequence of the SU(3) symmetry group representation of the hadrons,
it became clear that they were not fundamental particles, but in fact composites
made up of fundamental particles which were named ‘quarks’. These were initially
thought to come in three ﬂavours, up, down, and strange, the three light quarks
we know today, with the range of hadronic states explainable because of ﬂavour
symmetry between them.
This model of the quarks, based on symmetry, became increasingly challenged
as new hadronic states were discovered, and the heavy quarks (charm, top and
bottom), and associated quantum numbers, followed as experimental discovery and
theoretical descriptions progressed.
However, the issue of the ∆++ state, composed of three up quarks of parallel
spins, was at odds with the Pauli exclusion principle, which, as fermions, quarks
must obey. To resolve this, a new quantum number, called colour, was introduced,
which has three conditions; red, green and blue. Only colourless combinations of
the quarks are allowed, either by combining the three colours in a baryon, or a
coloured-anticoloured pair in a meson. This allows the Pauli exclusion principle to5 Chapter 1. Introduction
hold for particles like the ∆++ without the experimental observation of colour.
To date, no experiment has ever observed free quarks, due to a property of
QCD known as conﬁnement. This arises from the fact that the force between two
colour charges does not decrease with increased separation, which means that quarks
cannot be removed from a hadron.
Another notable property of QCD is that of asymptotic freedom. At higher
energies, the strong interaction weakens and becomes easier to calculate, due to the
decrease of the QCD coupling constant with increasing energy.
At suﬃciently high energies, perturbation theory is able to describe the sub-
nucleon interactions governed by QCD in the same manner in which the photon and
electron interactions are described in Quantum Electrodynamics (QED). However,
at the lower energies of the quark-hadron interface, the running coupling constant
of QCD approaches unity, and perturbative approaches can no longer accurately
describe the underlying processes. QCD then enters the non-perturbative regime,
where there are no rigorous solutions. This is a problem in studies of how quarks
combine to form nucleons, and in understanding the excitation spectrum of the
nucleon.
Attempts to predict the excited baryon spectrum numerically using the discrete
space-time approaches of lattice QCD are beginning to yield spectra similar to those
predicted by phenomenological models (these models will be discussed in the next
subsection) [4], albeit with unphysical quark masses. Despite these recent advances,
lattice QCD so far remains unable to fully describe the excited baryon spectrum.
1.1.2 Quark Models
Phenomenological quark models are employed in the ﬁeld of hadronic physics as a
result of the non-perturbative nature of QCD at low energies, and the current limita-
tions of lattice QCD in accurately predicting the properties of hadronic states. These
models describe the internal structure of the nucleon in terms of three constituent
valence quarks, interacting through a potential [5,6,7].
Considering the ﬂavour, spin, and orbital angular momentum of the quarks in
SU(6)⊗O(3) symmetric quark models enables the prediction of a series of resonant6 Chapter 1. Introduction
states of the nucleon [5,8], by considering the possible permutations of the allowed
degrees of freedom in the model. Many of these resonances have been observed and
studied in detail by various experiments [9].
Other models based on this approach also exist, and are able to predict their
own spectra of nucleon resonances. One such model is the di-quark model, where
two of the three quarks in the nucleon are bound. This binding restricts the degrees
of freedom in this system compared to the symmetric quark model, and leads to the
prediction of fewer states. The symmetric and di-quark models, and their diﬀering
angular momentum degrees of freedom, are represented in ﬁgure 1.3.
Figure 1.3: Schematic representation of the symmetric quark model (top) and the
diquark model (bottom), showing the restriction on the possible orbital angular
momentum states imposed by the bound pair of quarks in diquark model.
A problem arises when comparing the predictions of the symmetric and di-quark
models with the current experimentally-observed baryon spectrum. Not only are the
two models consistent with experimental data, but the symmetric models predict
far more resonances than have currently been observed. This “missing” resonance
problem is one of the burning questions in hadronic physics, and its resolution will
have profound implications for our understanding of the nucleon and the behaviour
of the quarks therein.7 Chapter 1. Introduction
1.1.3 Resolving the Missing Resonance Problem
As well as identifying resonances, it is also important to determine their associated
quantum numbers, and parameters such as masses and widths, allowing comparison
with the predictions of the quark models and the potential to identify previously
unobserved states from experimental data.
Table 1.1 shows the Particle Data Group (PDG) star ratings for the baryon
resonances predicted by the QCD-improved quark shell model of Forsyth and Cu-
tosky [8]. The star ratings indicate the level of conﬁdence in the existence of the
state based on experimental evidence and range from 1 star, for a state with poor
evidence of existence, through to 4 stars for a state whose existence is certain. The
missing states of the symmetric quark model have very few or no stars at all, in-
dicating that experimental evidence for the state is minimal, or has not yet been
found.
N∗ Status SU(6)×O(3) Parity ∆∗ Status SU(6)×O(3)
P11 (938) **** (56,0+) + P33 (1232) **** (56,0+)
S11 (1535) **** (70,1−)
S11 (1650) **** (70,1−) S31 (1620) **** (70,1−)
D13 (1520) **** (70,1−) - D33 (1700) **** (70,1−)
D13 (1700) *** (70,1−)
D15 (1700) **** (70,1−)
P11 (1520) **** (56,0+) P31 (1875) **** (56,2+)
P11 (1710) *** (70,0+) + P31 (1835) (70,0+)
P11 (1880) (70,2+)
P11 (1975) (20,1+)
P13 (1720) **** (56,2+) P33 (1600) *** (56,0+)
P13 (1870) * (70,0+) P33 (1920) *** (56,2+)
P13 (1910) (70,2+) + P33 (1985) (70,2+)
P13 (1950) (70,2+)
P13 (2030) (20,1+)
F15 (1680) **** (56,2+) F35 (1905) **** (56,2+)
F15 (2000) ** (70,2+) + F35 (2000) ** (70,2+)
F15 (1995) (70,2+)
F17 (1990) ** (70,2+) + F37 (1950) **** (56,2+)
Table 1.1: PDG star ratings for baryon resonances. The star ratings indicate the
level of conﬁdence in the existence of the state based on experimental evidence and
range from 1 star, for a state with poor evidence of existence, through to 4 stars for
a state whose existence is certain.8 Chapter 1. Introduction
The fact the symmetric quark model predicts more states than the di-quark
model, and that both models agree with the existing data, has led to two hypotheses
explaining these missing resonances; either the absence of these states in the experi-
mental data is because the additional states predicted by the symmetric quark model
do not exist, or the experiments performed so far have been unable to deﬁnitively
observe them.
The majority of the experimental data on baryon resonances has come from πN
scattering experiments. To test the hypothesis of being unable to see the missing
resonances with current experiments, i.e. the weak coupling of missing resonances to
the πN channel, meson photoproduction has emerged as an important experimental
technique within hadronic physics, with experiments being performed on several
meson reaction channels [10,11,12].
The meson photoproduction cross section data shown in ﬁgure 1.1 also seems
to show that diﬀerent channels appear to be more sensitive to some resonances.
Some studies have suggested several of the missing resonances may couple strongly
to strangeness photoproduction channels, such as KΛ and KΣ, due to their larger
decay amplitudes in these channels [13].
The diﬃculty in resolving individual resonances from cross-section measurements
alone is aided by the use of electromagnetic probes, whose reaction amplitudes are
more straightforward to consider, than those of hadronic probes, as EM interactions
are governed by QED. Additionally, polarisation information can be accessed with
these probes, with the eﬀects of polarisation on the reaction particles giving new
insights into the properties of resonances, and more ways to ﬁnd evidence of their
existence [14].
1.1.4 The Λ and Σ0 Hyperons
The hyperons, denoted Y , is the name given to the family of strange baryons, states
consisting of three light quarks, where at least one of these quarks is a strange quark.
The Λ and Σ0 hyperons belong to the same baryon octet as deﬁned in the eightfold
way, with spin 1
2 and zero charge. Both have a strangeness of -1, being composed of
an up, down and strange quark.9 Chapter 1. Introduction
The Λ has a mass of 1115.68 MeV/c2 and a mean lifetime of 2.6×10−10 s, and
the Σ a mass of 1192.64 MeV/c2 and mean lifetime of 7.47×10−20 s. An important
diﬀerence between the two particles is that the Λ has isospin of zero, and the Σ has
isospin 1. This diﬀerence has major implications with regard to the excited states
that can decay to K+Λ and K+Σ0 ﬁnal states. The KΣ0 ﬁnal state can involve
excitation to N* and ∆ resonances, while KΛ reactions can only involve isospin 1
2
N* states, with no ∆ states contributing.
As a result of their short lifetimes, neither of these hyperons will be detectable
in the ﬁnal state of a reaction by the experimental equipment used, and are instead
reconstructed from their detected decay products. The two main decay modes of
the Λ are
Λ → pπ
−
with a branching ratio of 63.9%, and
Λ → nπ
0
with branching ratio of 35.8%.
Because of its parity-violating weak decay [15], the Λ hyperon is said to be
self-analysing. This means that the hyperon polarisation can be measured from
the angular distribution of its decay products, without the need for a polarimeter
device. The Σ0 polarisation can also be measured, by exploiting the self-analysing
property of its daughter Λ, which will retain some of the parent Σ0 polarisation as
it undergoes magnetic dipole decay to a Λ [16].
1.2 Polarisation Observables
Polarisation observables are a property associated with the polarised particles in a
reaction. In the case of strangeness photoproduction, these are the incident photon,
the target nucleon, and the recoiling hyperon. These observables are of interest
because of their sensitivity to the presence of nucleon resonances, and their poten-
tial to facilitate model-independent analyses, by making a suitable combination of10 Chapter 1. Introduction
measurements.
Consideration of the scattering amplitudes describing the states and channels
contributing to the overall amplitude of kaon photoproduction [17] leads to their
expression in terms of the four “CGLN amplitudes” deﬁned by Chew, Goldberger,
Low and Nambu [18]. The CGLN amplitudes can be expressed in terms of scattering
angle and energy, but are more conveniently expressed in terms of transversity ampli-
tudes, a set of four complex amplitudes completely describing the photoproduction
process. By taking bilinear combinations of these four amplitudes, 16 polarisation
observables can be deﬁned [19].
The polarisation observables are grouped into single and double types, with the
single polarisation observables arising from polarisation in one particle in a reaction,
and the double observables accessible when pairs of particles in the interaction are
polarised. The double observables have three sub-groupings, according to which pair
of particles carry polarisation: Beam-Target, arising from combinations of polarisa-
tion modes of the photon beam (linear and circular) and the target (transverse and
longitudinal); Beam-Recoil, arising from combinations of beam polarisation modes
and the recoil polarisation (x′ and z′); and Target-Recoil, from the combinations
of the target and recoil polarisation modes. The 16 single and double polarisation
observables associated with strangeness photoproduction, their representation in
terms of transversity amplitudes b1,...,b4, and the polarised experiments required
to access them, are shown in table 1.2.
As a result of their deﬁnition in terms of the four transversity amplitudes, the full
set of observables contain redundant information and can be related by the following11 Chapter 1. Introduction
Symbol Transversity representation Experiment Required Type
σ0 |b1|2 + |b2|2 + |b3|2 + |b4|2 - / - / - Single
Σ |b1|2 + |b2|2 − |b3|2 − |b4|2 Plin / - / -
T |b1|2 − |b2|2 − |b3|2 + |b4|2 - / Py / -
P |b1|2 − |b2|2 + |b3|2 − |b4|2 - / - / y
G 2Im(b1b∗
3 + b2b∗
4) Plin / Pz / - Beam-
H −2Re(b1b∗
3 − b2b∗
4) Plin / Px / - Target
E −2Re(b1b∗
3 + b2b∗
4) Pcirc / Pz / -
F 2Im(b1b∗
3 − b2b∗
4) Pcirc / Px / -
Ox −2Re(b1b∗
4 − b2b∗
3) Plin / - / x′ Beam-
Oz −2Im(b1b∗
4 + b2b∗
3) Plin / - / z′ Recoil
Cx 2Im(b1b∗
4 − b2b∗
3) Pcirc / - / x′
Cz −2Re(b1b∗
4 + b2b∗
3) Pcirc / - / z′
Tx 2Re(b1b∗
2 − b3b∗
4) - / x / x′ Target-
Tz 2Im(b1b∗
2 − b3b∗
4) - / x / z′ Recoil
Lx 2Im(b1b∗
2 + b3b∗
4) - / z / x′
Lz 2Re(b1b∗
2 + b3b∗
4) - / z / z′
Table 1.2: Single and double polarisation observables associated with kaon photo-
production. N.B. the Σ polarisation observable is a separate entity to the Σ hyperon,
and care should be taken to avoid confusion. The transversity representations of the
observables and the polarised experiments required to measure them are also shown
in the format (beam/target/recoil). The work in this thesis is primarily concerned
with measuring the G observable, requiring a linearly polarised photon beam and a
longitudinally polarised target. Information from [19].
set of expressions [17];
E
2 + F
2 + G
2 + H
2 = 1 + P
2 − Σ
2 − T
2 (1.1)
FG − EH = P − ΣT (1.2)
T
2
x′ + T
2
z′ + L
2
x′ + L
2
z′ = 1 + Σ
2 − P
2 − T
2 (1.3)
Tx′Lz′ − Tz′Lx′ = Σ − PT (1.4)
C
2
x′ + C
2
z′ + O
2
x′ + O
2
z′ = 1 + T
2 − P
2 − Σ
2 (1.5)
Cz′Ox′ − Cx′Oz′ = T − PΣ (1.6)
This redundancy of information implies that the transversity amplitudes can be
determined by measuring a carefully chosen subset of the observables. Detailed
investigations have demonstrated that measurement of the cross-section, σ0, and
single polarisation observables Σ, T and P, as well as four appropriately chosen12 Chapter 1. Introduction
double polarisation observables (of which there are several examples) can determine
the reaction amplitudes without ambiguities [19,20], however, the available data
and associated uncertainties do not provide suﬃcient constraint to eliminate these
ambiguities and more than eight measurements will be needed [14].
The polarisation observables each contribute to the overall diﬀerential cross-
section [17], with the various observables scaled by the appropriate degree of polar-
isation. To access the G observable, a polarised beam and target are required, and
the cross-section can be expressed by
dσ
dΩ
= σ0{1 − PlinΣcos2φ
+ Px(−PlinHsin2φ − PλF)
− Py(−T + PlinPcos2φ)
− Pz(−PlinGsin2φ + PλE)} (1.7)
Where dσ
dΩ is the diﬀerential cross section, σ0 is the unpolarised cross section,
Plin and Pλ are the degree of linear and circular polarisation of the photon beam,
Px, Py, and Pz represent the x,y and z components of the degree of polarisation
of the target, and φ is the kaon azimuthal angle. For a longitudinally polarised
target, Px = Py = 0, and for the linearly polarised beam, Pλ = 0, so in this case
equation 1.7 simpliﬁes to
dσ
dΩ
= σ0{1 − PlinΣcos2φ + Pz(PlinGsin2φ)} (1.8)
Theoretical predictions of the polarisation observables vary depending upon the
set of resonances included in the quark model used for the prediction. This can
enable the presence of a resonance to be inferred by comparing experimental data
with theoretical predictions of the observables for various models that include diﬀer-
ing sets of resonances. This is demonstrated in ﬁgure 1.4, which shows several such
predictions of the Σ observable for K+Λ photoproduction, some of which include a
D13(1960) resonance.13 Chapter 1. Introduction
Figure 1.4: Model predictions of the beam polarisation observable, Σ, at photon
energy of 1.5 GeV. The solid blue line represents the SAID partial wave analysis
solution, the dotted red line a model of B. Saghai [21], and the pink dashed curve
corresponds to the Mart-Bennhold model, which includes a D13(1960) resonance [22].
Image from [23].
1.3 The N* Physics Program at Jeﬀerson Lab
The N* program at Jeﬀerson Lab aims to isolate resonant states of the nucleon in
order to measure the quantum numbers and properties of these states, including
energy, lifetime and spin. This program encompasses a variety of experiments and
analyses [23,24,25,26,27,28] using electromagnetic probes at GeV energy scales
with the CLAS detector [29], a large acceptance detector system which possesses
suﬃcient resolution to probe resonances with both photon and electron beams.
The photon beams can be polarised, both circularly and linearly, with the coher-
ent bremsstrahlung facility at the lab enabling the production of linearly polarised
photon beams with a high degree of polarisation. Combined with the recoil polarisa-
tion accessible as a result of the self-analysing nature of the hyperon, and the frozen
spin polarised targets developed at the lab [27,30], the full set of 16 polarisation
observables can be measured for strangeness photoproduction [23].
By performing a so-called “complete experiment”, where a suﬃcient number of
observables have been measured to unambiguously determine the reaction ampli-
tudes for kaon photoproduction, a near model-independent partial wave analysis14 Chapter 1. Introduction
(PWA) can be carried out, a ﬁtting technique which parameterises these amplitudes
in terms of contributing resonances.
The g9/FROST experiments utilised a polarised photon beam and polarised
target to measure the beam-target double polarisation observables, and beam-recoil
observables via the strangeness channels, completing the database of polarisation
observables measured at Jeﬀerson Lab for strangeness photoproduction on the pro-
ton.
1.4 Summary
Studies of the excited baryon spectrum are of great importance for our understanding
of the internal structure of the nucleon in terms of quark interactions. The non-
perturbative nature of QCD at the energy scale where nuclear and particle physics
meet makes it diﬃcult to understand how quarks combine to form nucleons, and to
predict the possible excited states.
Although phenomenological quark models have proven successful in describing
the current experimental data on resonances, a large number of predicted states re-
main unobserved, with diﬀerent quark models predicting diﬀerent excitation spectra
of the nucleon.
Some quark model calculations have suggested that some of the unobserved states
could be easier to observe in K+Λ and K+Σ0 ﬁnal states, and measurements of the
polarisation observables associated with these, and other meson photoproduction
channels, is underway. The data from these experiments oﬀers the prospect of
measuring the baryon spectrum independently of the quark models, and identifying
missing resonances, should they exist.
The work presented in this thesis makes the ﬁrst measurements at Jeﬀerson
Lab of the beam polarisation observable Σ and the beam-target double polarisation
observable G for the γp → K+Λ and γp → K+Σ0 reactions on a frozen spin polarised
target. These results, and those from complimentary analyses on this data of other
observables and on other reaction channels, should provide new insight into the
meson photoproduction process and the excitation spectrum of the nucleon.15 Chapter 1. Introduction
Before progressing with a description of the experimental facility and the analysis
performed, it is ﬁrst necessary to consider current state of world data for polarisation
observables associated with strangeness photoproduction and the theoretical models
used to predict the baryon spectrum.Chapter 2
Previous Data and Model
Predictions
This chapter will present an overview of the currently-available data on the po-
larisation observables for strangeness photoproduction, with particular focus on the
experiments performed at Jeﬀerson Lab as part of the N* physics program [28]. Data
from selected other facilities will also be shown, for comparison with the Jeﬀerson
Lab data.
Additionally, some of the phenomenological models used to predict the baryon
spectrum will be discussed, examining their relative merits and limitations in iden-
tifying resonant states from experimental data. Theoretical predictions of the polar-
isation observables of interest in the analysis made by phenomenologically-inspired
models will also be shown.
2.1 Previous Measurements
Kaon photoproduction has been studied for over ﬁfty years, with several early ex-
periments contributing to a small dataset of mainly cross-section measurements
[31,32,33]. By the early 1990s, new data was obtained for the γp → K+Λ and
γp → K+Σ0 reactions using the SAPHIR detector and ELSA, the electron stretcher
ring in Bonn [34]. The SAPHIR data was taken at photon energies ranging from
0.9 to 2.0 GeV, and consists of ∼7600 K+Λ and ∼5900 K+Σ0 events.
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Figure 2.1: KΛ and KΣ cross section measurements from SAPHIR as a function
of centre-of-mass energy (W). The solid line indicates the results of a ﬁt to this
data by the partial wave analysis of Sarantsev et. al. [35]. The dashed line shows
the contribution from the S11 amplitude and the dotted lines show the contribution
from the P13(1720)18 Chapter 2. Previous Data and Model Predictions
The SAPHIR cross section results for the K+Λ and K+Σ0 channels are shown in
ﬁgure 2.1. The K+Λ results display a steep rise in the cross section from threshold to
an initial peak at centre-of-mass energy (W) ≈ 1.7 GeV, with further structure seen
at W ≈ 1.9 GeV (Eγ ≈ 1.1 and 1.5 GeV, respectively). The ﬁrst peak corresponds
to three resonances known to decay strongly to K+Λ; S11(1650), P11(1710) and
P13(1720), with theoretical studies suggesting a possible missing resonance to explain
the structure at higher energy.
The K+Σ0 data exhibits a shallower climb to a peak at W ≈ 1.9 GeV, thought
to arise from the S31(1900) and P31(1910) states which are expected to contribute
to K+Σ0 photoproduction.
Following the SAPHIR work, higher-statistics measurements of the cross sec-
tions for both the K+Λ and K+Σ reactions were made using CLAS [36,37]. These
measurements covered centre-of-mass energies in the range 1.6 to 2.53 GeV and are
shown in ﬁgures 2.2 and 2.3, alongside the SAPHIR data and older Bonn data from
the ABBHHM collaboration [38].
Figure 2.2: KΛ Cross section measurements from CLAS (blue circles) shown along-
side the data from two SAPHIR analyses (red stars and triangles), and older ABB-
HHM data (blue squares). Several theoretical models are also shown; a Regge
model (dashed blue line), Kaon-MAID (solid red) with no D13(1985) resonance, and
a model developed by Saghai (dot-dashed black). Image from [37].
The CLAS data reproduces the overall structure of the SAPHIR results, although
the K+Λ cross sections are somewhat larger. Despite this, the same peaks are19 Chapter 2. Previous Data and Model Predictions
Figure 2.3: KΣ Cross section measurements from CLAS (blue circles) shown along-
side the data from two SAPHIR analyses (red stars and triangles), and older ABB-
HHM data (blue squares). Several theoretical models are also shown; A Regge model
(dashed blue line), and Kaon-MAID (solid red). Image from [37].
seen for K+Λ at W ≈ 1.7 and 1.9 GeV, the lower energy peak consistent with the
P11(1710) and P13(1720) states, and the higher peak due to several contributing
resonances. For K+Σ, the CLAS data exhibits a slight shoulder at W ≈ 2 to 2.1
GeV, in addition to the previously observed peak. This peak is thought to arise
from several ∆ resonances which couple to K+Σ.
2.1.1 Polarisation Observables at CLAS
As discussed in chapter 1, cross-section measurements alone are a fairly blunt probe
of the resonance spectrum, where even high quality, high statistics data are insuﬃ-
cient to unambiguously resolve every contributing state. The previous chapter also
outlined how the sensitivity of polarisation observables to resonances has been iden-
tiﬁed for experimental study, owing to their derivation from the reaction amplitudes
which fully describe photoproduction reactions, and how measuring an appropri-
ate subset of the 16 observables is suﬃcient to determine these amplitudes without
ambiguity.
One of the goals of the N* physics program at Jeﬀerson Lab is to facilitate a
model independent analysis by measuring more than the minimum required num-20 Chapter 2. Previous Data and Model Predictions
ber of observables required to determine the reaction amplitudes unambiguously.
The data from the various experiments comprising the program can be checked for
consistency via the algebraic correlations between the observables (equations 1.1 to
1.6).
For strangeness photoproduction, the database for polarisation observables re-
mained quite sparse until relatively recently, with no data at all for many observ-
ables [23]. Figure 2.4 shows this state of the data for the single polarisation observ-
ables on K+Λ, and an indication of the kinematic range covered by the experiment
on which the analysis in this thesis is performed.
Figure 2.4: Database of single polarisation observables for γp → K+Λ, with the
kinematic range covered by the FROST experiments shown within the light blue
box.
In addition to the cross section measurements shown in the previous subsection,
the same data was used to measure P, Cx and Cz [16]. The Cx and Cz measurements
for K+Λ are shown in ﬁgure 2.5.
Within the last decade, several facilities have released new results for strangeness
photoproduction, and the gaps in the data for polarisation observables on these
channels are being gradually ﬁlled in. The next subsection will present selected
results from these other facilities, with the remainder of this subsection outlining
progress at Jeﬀerson Lab.
To date, Jeﬀerson Lab’s N* program has made extensive measurements of single21 Chapter 2. Previous Data and Model Predictions
Figure 2.5: Cx and Cz beam-recoil double polarisation observables measured at
CLAS for γp → K+Λ [16]. Several model predictions are also shown, including
Kaon-MAID as a dashed green line, Regge-plus-resonance as a solid black line, and
GENT model as a dot-dashed magenta line.
and beam-recoil double polarisation observables for the strangeness photoproduction
channels [23,28]. Analysis from the recent g8b experiment greatly enhanced the
database for both K+Λ and K+Σ0 photoproduction, producing measurements of
the Σ, P and T observables, alongside ﬁrst measurements of the Ox and Oz beam-22 Chapter 2. Previous Data and Model Predictions
Figure 2.6: Preliminary measurements of the beam polarisation observable (Σ) for
the reaction γp → K+Λ as a function of cosθK+
cm from the g8b experiment at CLAS
[39] for a series of photon energy bins ranging from Eγ = 1.025 to 2.075 GeV. These
energies are displayed in MeV in the boxes at the top left of each plot.
recoil double observables. The preliminary results of the g8b analysis are reported
in the PhD thesis of C. Paterson [39], and will be published in the near future.
Figure 2.6 shows the g8b measurements of the beam polarisation observable, Σ,
for a series of photon energy bins for K+Λ. It can be seen that the Σ observable
is positive over the full kinematic range for both these reactions, remaining largely
ﬂat for K+Λ up to photon energies around 1.375 GeV, where it begins to display a
peak at backwards angles. A second structure at cos θK+
cm = 0 emerges at photon
energy around 1.775 GeV. Preliminary results from g8b for the target asymmetry
are shown in ﬁgure 2.7.
Other work at Jeﬀerson Lab has looked to neutron channels to widen the search23 Chapter 2. Previous Data and Model Predictions
Figure 2.7: Preliminary measurements of the target asymmetry for the reaction
γp → K+Λ as a function of cosθK+
cm from the g8b experiment at CLAS [39] for
photon energy bins ranging from 1.150 to 2.050 GeV. Data is compared with model
curves for the Gent Regge-plus-resonance model, with the Regge background (dotted
green line), core resonances (dot-dashed blue line), D13(1900) (solid red line) and
P11(1900) (dashed black line).24 Chapter 2. Previous Data and Model Predictions
for resonances. In the absence of a free neutron target, deuterium has been used
in the g13 experiment [40], and to show that the bound neutron is suitable for
γn → KY analyses, cross checking with free proton experiments, such as g8b, had
to be performed on the bound proton. The preliminary results of the g13 experiment
are presented in the PhD thesis of J. Johnstone [41]. By showing the bound proton
data agrees with that for the free proton, ongoing neutron analyses [42] can be
validated.
Figure 2.8 shows the comparison between CLAS measurements of Σ for the free
and quasi-free proton on the K+Λ channel. These results are consistent over the
entire kinematic range where the data overlaps, with a slight extension in photon
energy range over the g8b data.
Figure 2.8: Preliminary measurements of the beam polarisation observable (Σ) for
the reaction γp → K+Λ as a function of cosθK+
cm from the g13 experiment at CLAS
[41] for a series of photon energy bins ranging from Eγ = 1.25 to 2.25 GeV. Quasi-
free proton data (green error bars) are compared with the free proton data from
the g8b experiment (red error bars), and model curves from the Kaon-MAID model
with (red line) and without (dashed black line) a D13 resonance.
This principle of validating results from quasi-free protons on free proton data25 Chapter 2. Previous Data and Model Predictions
is also applied to the analysis in this thesis, which uses molecular targets containing
bound nucleons as well as hydrogen (protons). Similar comparisons will need to be
performed on data from the molecular targets in this experiment to show that they
can be used to measure polarisation observables on γp → KY reactions. This will
be discussed further in chapter 6.
2.1.2 Polarisation Observables at Other Facilities
In addition to CLAS, experimental programmes in strangeness photoproduction
have also been performed by the GRAAL collaboration in Grenoble, France, and
the LEPS collaboration at the Spring8 facility in Japan.
The LEPS data were taken using a photon beam produced by a backward-
Compton scattering facility, and a detector system comprising of a silicon strip
vertex detector and drift chambers to measure the momentum of the K+ meson,
with start and stop signals provided by appropriately positioned plastic scintillators.
LEPS made the ﬁrst photon asymmetry measurements on K+Λ and K+Σ photo-
production, at photon energies ranging from 1.5 to 2.4 GeV, for forward angular
bins spanning cos(θK+
cm ) = 0.6 to 1.0 [43].
The results of this experiment are shown in ﬁgure 2.9, and show the Σ observable
to be positive, gradually increasing in photon energy. The results are also compared
with model predictions of Kaon-MAID [44] and Janssen et. al. [45], which include a
D13(1895) resonance, with the diﬀerences between the models and the data thought
to arise from the lack of available data and large freedoms in the models.
At GRAAL, the 4π LAGRANγE detector was used in conjunction with a tagged
polarised photon beam produced by Compton-scattering laser photons oﬀ circularly
polarised electrons in the storage ring at the European Synchrotron Radiation Facil-
ity (ESRF) [46]. This data were taken at photon energies from threshold up to 1.5
GeV, and measured both the Σ (beam polarisation) and P (recoil) observables [47].
The T (target asymmetry), Ox and Oz observables were also measured [48]. The
Σ results showed good agreement with the overlapping regions of the LEPS data,
and the P results also agreeing with CLAS and SAPHIR data. A selection of these
results are shown in ﬁgures 2.10 and 2.11. The comparison of Σ results between26 Chapter 2. Previous Data and Model Predictions
Figure 2.9: Photon Asymmetry Measurements from LEPS for K+Λ (left column)
and K+Σ0 (right column) as a function of cosθK+
cm for a series of photon energy bins.
Model predictions from Kaon-Maid (dashed lines) and by Janssen et. al. (solid lines)
are shown. Image from [43].27 Chapter 2. Previous Data and Model Predictions
GRAAL and the preliminary g8b data in ﬁgure 2.10 highlights the signiﬁcant con-
tribution the N* program at Jeﬀerson lab will make to the world data on polarisation
observables.
Figure 2.10: Photon Asymmetry Measurements from GRAAL for the reaction
γp → K+Λ (red error bars), compared with preliminary data from the CLAS g8b
experiment (blue error bars) in the photon energy range 1.175 to 1.475 GeV.
2.1.3 Beam-Target Double Polarisation Observables
Until now, polarisation observables for strangeness photoproduction have utilised
polarised photon beams and the self-analysing nature of the hyperon to access the
single polarisation observables and the beam-recoil double observables. Although
some data is available for pion photoproduction going back to the 1970s [49], no pre-
vious measurements of beam-target observables have been made for the strangeness
channels.28 Chapter 2. Previous Data and Model Predictions
Figure 2.11: Recoil Polarisation Measurements from GRAAL for K+Λ and K+Σ0
(closed circles). Comparison is made with SAPHIR data (open triangles) for both
K+Λ and K+Σ0 and with CLAS (open squares) for K+Σ0.
With the database for single and beam-recoil double observables beginning to
ﬁll in, a new generation of experiments are being performed using polarised targets
in order to perform complete and over-determined measurements of the polarisation
observables for meson photoproduction.
Several facilities have proposed and developed polarised targets for meson pho-
toproduction, including MAMI in Mainz, Germany, and CLAS [30,50,51].
This thesis will provide ﬁrst measurements of the Σ and G observables for the
K+Λ and K+Σ0 reactions using the FROST polarised target. Other analyses on
this data [52] are in progress, and preliminary results for E, one of the beam-recoil
observables are shown in ﬁgure 2.12.
Figure 2.12: Preliminary measurements of the E double polarisation observable for
the reaction γp → K+Λ as a function of cosθK+
cm from the g9a (FROST) experiment
at CLAS [52] for two photon energy bins; Eγ = 1.4 and 1.6 GeV. Data are compared
with the SAID partial wave analysis (red curve), Bonn-Gatchina model (blue curve)
and Kaon-MAID (green curve) predictions.29 Chapter 2. Previous Data and Model Predictions
With no previous data to compare to, the G observable results presented in this
thesis will look to the predictions of theoretical models, which are discussed in the
next section.
2.2 Theoretical Models
Theoretical descriptions of photoproduction reactions are a vital tool in interpret-
ing experimental data in terms of the identiﬁcation of resonances. Despite several
decades of study, the underlying reaction mechanism in strangeness production is
not well understood, with the presence of the strange quark potentially allowing the
excitation of resonances not seen in pion photoproduction [23].
Several phenomenological models have emerged in the energy regime of non-
perturbative QCD, including tree-level isobar, coupled channels, and Regge models.
The remainder of this chapter will introduce these models, and discuss how they
attempt to describe the nucleon resonance spectrum, as well as highlighting the
successes and problems they encounter. Predictions of the G observable for the
reactions of interest will also be shown, which will be compared with the ﬁnal results
in chapter 7.
2.2.1 Isobar and Coupled Channels Models
Tree-level isobar models attempt to describe the hadronic reaction by evaluating
various tree-level Feynman diagrams for the resonant and non-resonant exchange of
mesons and baryons. The possible particle exchanges in a reaction can be classiﬁed
as s-, u-, and t-channel reactions, which can be related to the physical situation of the
particle exchange. Exchange of excited states can occur in these channels, including
N* resonances, which are exchanged in the s-channel. The Feynman diagrams for
γp → K+Λ and γp → K+Σ0 are shown in ﬁgure 2.13.
The isobar model treats every particle in the reaction as an eﬀective ﬁeld, with
associated properties including photocoupling amplitude, mass, and strong decay
width. This approach produces a reliable ﬁrst-order description of resonance param-
eters, but does not account for channel coupling eﬀects or ﬁnal state interactions.30 Chapter 2. Previous Data and Model Predictions
Figure 2.13: Feynman diagrams for the γp → K+Λ reaction are shown in diagrams
(a) to (g), with the additional diagram (h) included for γp → K+Σ. The time axis
is oriented in the vertical direction. Diagrams (a) to (d) represent the Born terms
and (e), (f) and (g) represent resonant contributions from the t, u and s-channels,
respectively. From [23].31 Chapter 2. Previous Data and Model Predictions
One of the ﬁrst such isobar models to show evidence for a potential missing res-
onance in strangeness photoproduction was that of Mart and Bennhold [22]. This
model attempted to reproduce the SAPHIR cross section results for γp → K+Λ, and
required the inclusion of a D13(1960) resonance from the constituent quark model of
Capstick and Roberts [13] to replicate the structure seen at W ≈ 1.9 GeV. However,
further investigations [21] have shown it is possible to reproduce these cross section
results without the D13(1960) resonance, underlining the need to measure polarisa-
tion observables to increase the available information to feedback into theoretical
models. Figures 2.14 and 2.15 show the Mart and Bennhold predictions of the cross
section and the beam polarisation observable, respectively.
Figure 2.14: Total cross section calculations compared with SAPHIR data. The
solid line indicates predictions of Mart and Bennhold with a D13(1960) resonance,
the dashed line without. Image from [22].
The coupled channels approach attempts to overcome the failure of tree-level
isobar models to account for intermediate πN states, as well as ﬁnal state interac-
tions. It is believed that the amplitudes of γN → πN in the multi-step sequence
γN → πN → KY will have a large eﬀect on kaon photoproduction. Figure 2.16
shows coupled channels model calculations compared to diﬀerential cross section
data from CLAS and SAPHIR, with diﬀerent solutions arising from diﬀerent de-
scriptions of the background contributions to KΛ.32 Chapter 2. Previous Data and Model Predictions
Figure 2.15: Photon asymmetry predictions of Mart and Bennhold as a function of
cosθK+
cm for a series of centre-of-mass energy bins. The solid line indicates predictions
with a D13(1960) resonance, the dashed line without. Image from [22].
2.2.2 Regge Models
At higher energies, Regge models are able to provide an accurate description of
particle physics data. These models start by extending angular momentum into
the complex plane, and groups particles with the same internal quantum numbers
but diﬀerent spins into “Regge trajectories”. Photoproduction processes are then
described at high energies, where individual resonances can no longer be resolved,
by exchanging whole Regge trajectories rather than individual particles.
Regge approaches are expected to be valid at high energies and forward angles,
but recent studies suggest that they could also reasonably describe meson photo-
production in the resonance region.
Corthals, et. al. [54] have adopted a “Regge-plus-resonance” approach to repro-
duce cross sections and polarisation predictions in hadronic reactions. This method
diﬀers from isobar models by using Regge exchange in the t-channel to describe the
KY background, with a number of s-channel resonances added to extend the model
into the resonance region. Higher-energy data can then be used to constrain the
background contributions, as the resonances must vanish at these energies, leaving
resonance couplings as the only free parameters in the resonance region.
Figure 2.17 shows several Regge-plus-resonance calculations for the beam polar-
isation observable; RPR-2, -3, and -4. RPR-2 and RPR-3 contain the P13(1900)
and P11(1900) resonances, whereas RPR-4 does not. These studies have suggested
that ﬁne tuning of the background in models may be just as eﬀective at explaining33 Chapter 2. Previous Data and Model Predictions
Figure 2.16: Predictions of the diﬀerential cross section via the coupled channels
model of Shyklar et. al. [53]. The two lines diﬀer in their description of the back-
ground contributions to K+Λ, and are compared with CLAS and SAPHIR data.
certain structures in the polarisation observable results as the inclusion of a missing
resonance [54].
2.2.3 Partial Wave Analyses
Partial Wave Analysis (PWA) is a process which separates the background and
resonant contributions to the reaction amplitudes into a series of partial waves within
a model framework. These waves are parameterised in terms of the properties of
resonances, and the resulting functions are then ﬁtted to experimental data. By
introducing constraints via the inclusion of known and missing resonances into the
models, signatures of resonances in the data can be identiﬁed.
The SAPHIR cross section results shown in ﬁgure 2.1 also show results of a PWA
by Sarantsev et. al. [35], and ﬁgure 2.18 shows the same PWA results alongside CLAS
data on the Λ recoil polarisation.
As discussed in chapter 1, over-determined measurements of the polarisation ob-34 Chapter 2. Previous Data and Model Predictions
Figure 2.17: Regge-plus-resonance calculations of the photon asymmetry compared
to LEPS data. RPR-2 and RPR-3 models contain the P13(1900) and P11(1900)
resonances, RPR-4 does not. Image from [54].
servables associated with strangeness photoproduction will allow partial wave analy-
sis to be carried out independently of theoretical models, and resonant contributions
to be disentangled from background without ambiguity.
2.2.4 Predictions of the G Observable
Kaon-MAID is a unitary isobar model which employs an eﬀective Lagrangian ap-
proach to describe photo- and electroproduction of kaons [44]. A web interface exists
from which predictions of G observable for K+Λ and K+Σ0 were extracted for the
energy bins used in the analysis. For K+Λ, these were extracted with and with-
out the inclusion of a D13(1900) resonance, and for K+Σ0 a full set of resonances,
including S31(1900) and P31(1900).
The beam-target observables, including G, are predicted to be highly sensitive to
resonances, particularly the D13(1900) missing resonance, although these predictions
are based on models informed by incomplete data and may not necessarily match
the values that will be measured. Figure 2.19 shows Kaon-MAID predictions of G,35 Chapter 2. Previous Data and Model Predictions
Figure 2.18: Results of the partial wave analysis results of Sarantsev et. al. on CLAS
recoil polarisation data for the reaction γp → K+Λ as a function of cosθK+
cm for a
series of photon energy bins. The solid line represents the ﬁt results, the dashed line
is the ﬁt with D13(2170) omitted, and the dotted line omits the P11(1840). Image
from [35].
with and without the inclusion of the D13(1900) resonance.
2.3 Summary
With a new generation of experiments featuring polarised beams and targets, as
well as recoil polarisations via the self-analysing hyperon channels, the database of
polarisation observables associated with strangeness photoproduction is beginning to
look complete. The g9 (FROST) experiments are intended to extend the available
polarisation data further, making ﬁrst measurements of beam-target and target-
recoil double observables, providing further constraint to the theoretical models used
to interpret experimental data in terms of the excitation spectrum of the baryon.
The remainder of this thesis describes the setup of the g9a experiment at Jef-36 Chapter 2. Previous Data and Model Predictions
Figure 2.19: Kaon MAID predictions of the G observable for the reaction γp → K+Λ
at photon energy of 1.7 GeV with (blue) and without (red) the D13(1900) missing
resonance.
ferson Lab, and the analysis performed to obtain measurements of the Σ and G
polarisation observables from a polarised target on the K+Λ and K+Σ0 strangeness
photoproduction reactions.Chapter 3
Experimental Detectors and
Apparatus
In this chapter, the apparatus and detector components used to study the reactions
γp → K+Λ0 and γp → K+Σ0 during the g9a run period will be described. The g9a
(FROST) experiment [23] was performed at the Thomas Jeﬀerson National Accel-
erator Facility, Newport News, Virginia, and ran from October 2007 until February
2008, using the CEBAF Large Acceptance Spectrometer (CLAS) in experimental
Hall B, the FROST polarised target, and a polarised photon beam.
3.1 Experimental Overview
Figure 3.1 shows the basic setup of the g9a experiment. The electron beam from CE-
BAF is delivered to the hall, and passes through a radiator, emitting bremsstrahlung
photons as the beam interacts with the radiator. The mixed photon-electron beam
enters the photon tagging spectrometer, where the electrons are swept out of the
beamline by a dipole magnet and detected by the tagger to determine photon beam
energy. The photon beam then continues through a collimator before interacting
with the FROST target, positioned at the centre of CLAS. A range of particles
are produced as a result of the beam-target interaction, which are detected by the
various detector systems comprising CLAS, and the data recorded used to analyse
these reactions.
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Figure 3.1: Layout of the equipment in Hall B for the g9a/FROST experiment (not
to scale).
3.2 Jeﬀerson Lab
The Thomas Jeﬀerson National Accelerator Facility, also known as Jeﬀerson Lab (or
JLab), is a United States Department of Energy (DoE) national facility located in
Newport News, Virginia [55]. Its research eﬀorts are primarily focussed on studies
of the atomic nucleus at quark and gluon level, at the energy scale where nuclear
physics meets high energy particle physics.
This work is carried out using the Continuous Electron Beam Accelerator Facility
(CEBAF) [56], which produces a 6 GeV electron beam that can be simultaneously
delivered to up to three experimental halls, each of which contain various pieces of
experimental equipment, designed and optimised for the experimental programme
of each hall.
3.3 CEBAF
CEBAF, the Continuous Electron Beam Accelerator Facility [56] at Jeﬀerson Lab, is
a continuous wave electron accelerator, providing a high-luminosity electron beam
of energies up to 6 GeV simultaneously to up to three experimental halls. The
accelerator is of a racetrack conﬁguration, 7/8 of a mile in circumference, with
a series of liquid-helium cooled niobium cavities forming an anti-parallel pair of
superconducting radio-frequency linear accelerators (linacs), one along each straight
section, and a pair of re-circulation arcs to direct the electrons between the linacs.39 Chapter 3. Experimental Detectors and Apparatus
Figure 3.2: Aerial view of the Jeﬀerson Lab accelerator, CEBAF, showing the race-
track conﬁguration of the accelerator and the three experimental halls (the circular
grass-covered hills in the foreground).
3.3.1 Beam Production
A schematic overview of CEBAF is shown in ﬁgure 3.3. Electrons are produced by
a laser incident on a strained Gallium Arsenide (GaAs) photocathode, and initially
accelerated by an anode. The electrons are then further accelerated to 67 MeV by
two Superconducting Radio-Frequency (RF) cavities and after separation into ∼2 ns
beam buckets, they are injected into the accelerator beamline. The electrons then
enter the racetrack beamline and travel around the accelerator up to ﬁve times, or
‘passes’, gaining up to 600 MeV in each linac, for a total of 1.2 GeV per pass, before
being simultaneously delivered to up to three experimental halls with maximum
energy of 6 GeV.
The initial electrons are produced by one of three separate lasers, pulsed at 499
MHz, allowing beams of independent current and polarisation to be produced for,
and delivered to, each hall. The simultaneous production of three beams in this way
gives rise to CEBAF’s characteristic 2.0005 ns beam “bucket” structure. By passing
the laser light through a device known as a Pockels cell, polarised light is produced,40 Chapter 3. Experimental Detectors and Apparatus
leading to the production of polarised electrons from the photocathode [57].
Figure 3.3: Overview of CEBAF, showing the racetrack conﬁguration of the beam-
line, which consists of two linacs and two recirculation arcs, the three current ex-
perimental halls, and the plans for the 12 GeV upgrade, including the construction
of a fourth experimental hall.
Each of the two linacs are made up of 20 Superconducting RF cryomodules,
consisting of 8 cavities, cooled with liquid helium to 2 K. This technology was cho-
sen during the design stage of CEBAF in the 1980’s, when it became clear that
realising the design requirements using conventional RF accelerators operating at
room temperature would be expensive to construct and operate, limited in perfor-
mance and diﬃcult to upgrade in energy. Some of these diﬃculties, particularly
those associated with the operating costs of the system were overcome by employing
superconducting technology, with CEBAF becoming the largest application of the
technology in the world at the time. Each cavity has its own Klystron, which sets up
a standing electromagnetic wave inside the cavity, this produces a charge gradient
in the cavity which accelerates the electron.
At the ends of the linacs, a series of dipole magnets are positioned along the arcs
of the CEBAF beamline, bending the beam emerging from one linac a full 180◦ and
directing it into the next linac, where it is further accelerated. Because the electrons
increase in energy with each pass, electrons of diﬀering energies (having passed
through the linacs a diﬀerent number of times) must be bent in the same radius in41 Chapter 3. Experimental Detectors and Apparatus
order to enter the next linac. This is achieved by splitting the emerging beam into
5 sub-beams, which are directed into individual sets of dipole magnets, tuned to
the appropriate electron energy, along the recirculation arcs [56]. By recirculating
the beam in this manner, the beam energies required for JLab experiments can
be reached with fewer cavities and their associated cryogenics, reducing the costs
associated with building and running the accelerator.
3.3.2 Beam Delivery and the Experimental Halls
Following acceleration, the beam is extracted from CEBAF and delivered to the
halls by rf separator cavities operating at the same frequency (499 MHz) as the
laser pulsing of the injector. These separators can extract the beam after any of the
ﬁve passes through the accelerator, enabling each hall to be provided with a beam
of diﬀering energies to each other, ranging from a few hundred MeV to just over 6
GeV, quantised by number of passes × energy gained in each pass.
The experimental halls, designated A, B, and C, are located oﬀ the southern
linac and have diﬀerent set-ups optimised for studying diﬀerent aspects of nucleon
structure. Halls A and C receive beam at currents of order 100µA, whilst Hall B
receives a lower beam current of the order of tens of nanoamps, due to the limits on
luminosity imposed by the operation of the large acceptance detection system in Hall
B. This simultaneous production and delivery of beam to three halls with diﬀering
energies and such a large range between beam currents is a major achievement of
CEBAF. Table 3.1, provides a summary of CEBAF’s operating characteristics.
As part of the 12 GeV upgrade of CEBAF [58], a fourth experimental hall, Hall
D, is currently being constructed at the end of the northern linac, and features an
extra half pass of the accelerator in order to reach the full 12 GeV post-upgrade
energy. Halls A and C are the largest of the three existing halls, and perform
experiments using the electron beam directly. In the smaller Hall B, this can also be
the case, however, the electron beam can also be used to produce a beam of photons
via the bremsstrahlung process for performing photonuclear experiments, which is
discussed later in this chapter.42 Chapter 3. Experimental Detectors and Apparatus
Duty Factor Continuous Wave
Number of Passes 5
Energy gain per pass 1.2 GeV
Electron Beam Energy Range 0.6 GeV to 6 GeV
Number of Cryomodules 40
Electron Polarisation 85%
Typical Beam Current
∼100µA (Halls A and C)
∼10nA (Hall B)
Table 3.1: Summary of CEBAF operating characteristics
3.4 Hall B
Hall B is the smallest of the three existing experimental halls at Jeﬀerson Lab, and
contains several pieces of equipment used in the experiments that make up the Hall
B physics program. The conﬁguration of the Hall B equipment varies depending on
the requirements of each experiment for beam, target, and detector systems used.
Photon beam experiments using CLAS, such as g9a (outlined in section 3.1), share
the following common elements to their set up; The electron beam from CEBAF
is delivered to the hall, and passes through a radiator, producing a photon beam
via bremsstrahlung (or coherent bremsstrahlung for linearly polarised photons, dis-
cussed later) [59]. The energy of the photons produced are determined by measuring
the energies of the degraded electrons using the tagging spectrometer, and the pho-
ton beam is then incident on a target cell, positioned near the centre of CLAS, which
detects reaction products with almost full angular coverage. The locations of the
CLAS detector and the photon tagger in Hall B are shown in ﬁgure 3.4
The remaining sections of this chapter describe the detector systems and appa-
ratus used in Hall B for the g9a run period.
3.5 Coherent Bremsstrahlung Facility
For photon experiments in Hall B, including g9a, the photon beam is a secondary
beam produced from the CEBAF electron beam. The g9a experiment utilises both
circularly and linearly polarised beams, in order to access a range of single and
double polarisation observables [23]. These photon beams are produced in Hall B43 Chapter 3. Experimental Detectors and Apparatus
Figure 3.4: The basic setup of Hall B for photonuclear experiments, showing the rel-
ative positions of the tagging spectrometer and the CLAS detector, and the direction
of the incoming CEBAF electron beam.
via the bremsstrahlung process, in which electrons incident on a suitable radiator are
decelerated by the electromagnetic ﬁeld of the of the nuclei in the radiator, emitting
a photon. If an amorphous radiator is used, the photon beam produced will have an
energy spectrum that displays a characteristic ∼ 1
E dependence, as shown in ﬁgure
3.6 (top).
The extraction of the G polarisation observable, the primary aim of the work
presented in this thesis, required the use of a linearly polarised photon beam, in
addition to the longitudinally polarised target discussed later in this chapter. This
linearly polarised photon beam was produced via the coherent bremsstrahlung pro-
cess (CB), where the electron beam is scattered from a diamond radiator, which has
a regular lattice structure. If suitably aligned, the bremsstrahlung photons produced
will have discrete fractional energies, corresponding to speciﬁc momentum transfers
from the electrons to the crystal lattice, and the energy spectrum will exhibit a
“coherent peak” structure (the middle image in ﬁgure 3.6). If the orientation of
the diamond is carefully chosen, so as to scatter oﬀ a particular reciprocal lattice44 Chapter 3. Experimental Detectors and Apparatus
Figure 3.5: Schematic diagram of the coherent bremsstrahlung facility in Hall B [60].
The goniometer, which holds and orientates the diamond radiator, is not shown.
vector, then the photons produced will have a high degree of linear polarisation,
particularly in the region of the coherent peak.
The coherent bremsstrahlung facility in Hall B consists of several pieces of equip-
ment used to produce the photon beam for experiments. These include the go-
niometer, which controls the orientation of the radiator, the radiators used for the
production of photons, the photon tagging spectrometer, which determines the pho-
ton beam energy, and the collimator. The layout of this facility and the relative
locations of the equipment with respect to CLAS can be seen in ﬁgures 3.1, 3.4 and
3.5 and its main components are described below.
3.5.1 Radiator
The properties of diamond make it suitable for use as the radiator in coherent
Bremsstrahlung, its small lattice constant and high Debye temperature result in
small thermal motion of the atoms in the lattice, and a lattice structure that suﬀers
minimal thermal eﬀects.
An important consideration when choosing a radiator is its thickness. The thick-
ness of the radiator aﬀects the angular divergence of the resulting photon beam, due
to multiple scattering eﬀects of the electron beam, and crystal defects in the radi-45 Chapter 3. Experimental Detectors and Apparatus
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Figure 3.6: (top) incoherent bremsstrahlung spectrum for photons produced by
electrons from the CEBAF beam incident on an amorphous radiator, showing
a spectrum which falls oﬀ with increasing photon energy. (middle) coherent
bremsstrahlung spectrum from a diamond radiator demonstrating the characteristic
“coherent peak” structure. (bottom) enhancement plot made dividing the coherent
and incoherent spectra.46 Chapter 3. Experimental Detectors and Apparatus
Figure 3.7: Rocking curve width measurements for the [220] plane of a diamond
crystal, showing areas of radiation damage, characterised by a wider rocking curve
in these regions of the diamond
ator. Minimising this divergence enhances the coherent bremsstrahlung spectrum,
so the diamond used should be as thin as the considerations of manufacturing and
positioning of the radiator allow.
For the g9a experimental run, a 50µm diamond was used, cut in the [100] orien-
tation, and photons produced by scattering the electron beam oﬀ the [022] reciprocal
lattice vector. Several methods can be employed to assess the quality and suitability
of individual diamond crystals for producing coherent bremsstrahlung, including op-
tical polaroid analysis, X-ray topography and rocking curve measurements [61], the
latter of which is demonstrated in reference [62], and a rocking curve measurement
of a diamond used for coherent bremsstrahlung shown in ﬁgure 3.7.
3.5.2 Goniometer
Coherent bremsstrahlung requires precise alignment of the diamond, in order to
produce a highly polarised beam by scattering oﬀ the appropriate crystal planes
associated with a particular reciprocal lattice vector. A poorly aligned crystal will
produce a photon beam with a lower degree of linear polarisation.
To be able to align the diamond with respect to the electron beam with the47 Chapter 3. Experimental Detectors and Apparatus
Figure 3.8: The George Washington University Goniometer. The target ladder,
which holds the radiators, is visible in the centre of the device.
required level of precision, it is mounted in a goniometer, a device which can move
the diamond horizontally, vertically and rotationally about all three axes with a
precision greater than 10 µrad. This precision enables the coherent peak to be
positioned to a precision of less than 1 MeV
The goniometer was built by George Washington University and is shown in
ﬁgure 3.8. It is positioned several metres upstream of the tagger, and kept under
vacuum. The goniometer holds several radiators on a target ladder, including the
diamond and amorphous carbon, which can be moved in and out of the beamline,
as required.
3.5.3 Photon Tagging Spectrometer
The Hall B photon tagging spectrometer is used to determine the energy of the
photon beam produced via the bremsstrahlung process. The tagger consists of a
dipole magnet and a hodoscope, which has two planar arrays of plastic scintillators
providing energy and timing information from the detection of the energy-degraded
electrons from the bremsstrahlung process. The system is oriented vertically, i.e.48 Chapter 3. Experimental Detectors and Apparatus
Figure 3.9: Simpliﬁed diagram showing the degrees of freedom of the George Wash-
ington University Goniometer.
the electron beam is directed downwards.
Photons produced from the radiator proceed straight through the tagger and
into CLAS, where they interact with the target. Electrons, however, are deﬂected
out of the beamline by the tagger’s dipole magnet and onto the tagger hodoscope.
Because the energy transferred from the electron to the scattering nucleus in the
bremsstrahlung process is negligible, the energy of the photon beam can be deter-
mined via the relation Eγ = E0 − Ee, where E0 is the electron beam energy before
interaction with the radiator, determined by the accelerator, and Ee is the energy
of the electron detected in the tagger. This relies on making a timing coincidence
between the experimental trigger and the tagger focal plane hodoscope.
The position in the hodoscope at which the electron is detected determines its
energy, an electron which produced a lower energy photon is deﬂected less than one
which lost more energy producing a higher energy photon. Electrons that did not
produce a photon are deﬂected into the tagger beam dump.
The two planes of scintillators in the tagger hodoscope are referred to as the
E-plane and the T-plane, shown in ﬁgure 3.10. Each is made up of a series of
overlapping scintillator paddles, with surfaces normal to the beam trajectory. The
E-plane consists of 384 scintillator paddles, each equipped with its own photomul-
tiplier tube, and divided into 767 E-bins due to overlaps. The E-plane provides49 Chapter 3. Experimental Detectors and Apparatus
Figure 3.10: Diagram of the tagger layout showing the relative positions of the E
and T-counters [60].
the momentum information on the degraded electrons, with an energy resolution
of 0.001E0. Each scintillator in the E-plane is 20 cm long and 4 mm thick, with
width between 6 and 18 mm, spanning approximately equal momentum intervals of
around 0.003E0.
The purpose of the T-plane is to associate a tagged photon with the correct
beam “bucket”, it features 61 overlapping scintillators, divided into 121 T-bins due
to overlaps between adjacent scintillators, read out via a photomultiplier tube at each
end. The T-plane is arranged into groups, with the ﬁrst 19 scintillators forming the
ﬁrst group and covering the photon energy range of 75% to 95% of incident electron
energy, and the remaining scintillators covering the remaining energy range. To
achieve the required timing resolution (∼300 ps) for associating a photon with an
individual beam bucket, the T-plane scintillators are thicker than those used in the
E-plane, at 2 cm.
3.5.4 Collimator
The angular spread of coherent bremsstrahlung photons is less than that of the
incoherent bremsstrahlung in the region of the coherent peak. To further increase
the degree of linear polarisation in the coherent peak, it is tightly collimated.
The collimator is located immediately downstream of the tagger, and comprises50 Chapter 3. Experimental Detectors and Apparatus
a series of Nickel diskettes with a small hole in the centre. These are stacked in a
cylindrical sheath of stainless steel, with four 4 mm cubic scintillators sandwiched
between them. This allows online monitoring of the count rates in the scintillator
by measuring the rate of e+e− pairs produced by photons outside the aperture of
the ﬁrst Nickel disk, which can be related to shifts in beam position.
3.6 CLAS
The main detector in Hall B, used in a variety of photon and electron beam experi-
ments, is the CEBAF Large Acceptance Spectrometer, known as the CLAS detec-
tor [29]. CLAS is a multi-layered and segmented arrangement of diﬀerent kinds of
particle detector, roughly 10 metres in diameter, surrounding a cylindrical target
holder, which detects reaction products with large coverage of the 4π solid angle, as
can be seen in ﬁgure 3.11.
Figure 3.11: Partially exploded schematic of CLAS, showing the component detector
systems, and the direction of the incoming photon or electron beam.
The key feature of CLAS is its toroidal magnetic ﬁeld, produced by six super-
conducting coils. This design allows large angular coverage for charged particle
detection, good momentum resolution, and a ﬁeld-free central region for the use of
polarised targets. The individual detector systems in CLAS are collectively used to
obtain information on a particle’s mass, momentum and charge as it passes through51 Chapter 3. Experimental Detectors and Apparatus
CLAS, and this information is used to reconstruct events occurring during an ex-
periment.
When the photon beam interacts with a target in the centre of CLAS, a series of
reaction products are produced. These particles ﬁrst pass through the start counter,
providing the interaction start time, before passing through the drift chambers,
where charged particles are tracked as they follow curved paths under the inﬂuence of
the toroidal magnetic ﬁeld. They then reach the time-of-ﬂight scintillators, allowing
ﬂight time of the particle to be determined, and velocity inferred from momentum
measurements from drift chamber tracking. Cerenkov counters and electromagnetic
calorimeters provide additional information on forward focussed particles, while a
triggering and data acquisition system enables events to be read from the CLAS
subsystems and stored for later calibration and analysis.
3.6.1 Torus
The detection of charged particles in CLAS and the determination of their mo-
mentum is realised by analysing the curved trajectories of these particles under
the inﬂuence of a magnetic ﬁeld. This ﬁeld is generated by the torus magnet, an
arrangement of six superconducting coils around the beamline, which produces a
toroidal magnetic ﬁeld. It is this arrangement of the coils that gives rise to the six
sectors of CLAS, with the coils themselves creating the low-acceptance boundary
regions between the sectors, reducing the acceptance of CLAS to around 70 % of 4π
solid angle coverage. The toroidal ﬁeld geometry also preserves a ﬁeld-free central
region in CLAS, allowing for the operation of polarised targets, as was the case in
the g9a experiment.
The coils are approximately 5 m in diameter, and consist of four layers of 54
turns of NbTi/Cu conductor. These are cooled to 4.5 K by forcing super-critical
helium through cooling tubes at the edge of the windings, with the heat load reduced
through the use of super-insulation and a liquid-nitrogen-cooled heat shield.
The main component of the torus ﬁeld is in the azimuthal (φ) direction, al-
though this can can deviate somewhat from a pure azimuthal ﬁeld close to the coils.
These eﬀects are reduced by the circular inner shape of the coils, meaning that par-52 Chapter 3. Experimental Detectors and Apparatus
Figure 3.12: The CLAS toroidal magnet coils, pictured during installation.
ticles crossing a coil’s inner boundary do not experience any signiﬁcant azimuthal
deﬂection.
For the g9a experiment, the torus was operated at 1918 A, around 50% of the
maximum design current, with a positive polarity ﬁeld. This results in positively
charged particles being curved away from the beamline, while negatively charged
particles are curved towards the beamline. The relatively low ﬁeld setting has the
eﬀect of increasing the acceptance for negatively charged particles, as fewer of these
will be curved into the beamline hole at forward angles.
When CLAS is conﬁgured for electron scattering experiments, a smaller ‘mini-
torus’ surrounds the target, preventing Møller electrons from entering the inner
region of the drift chambers.
3.6.2 Start Counter
For photon beam experiments, the start counter [63,64] is used to signal the start
time for time-of-ﬂight measurements of charged particles. The start counter, shown
in ﬁgure 3.13, is a ring of plastic scintillators which completely surrounds the target
and replaces the mini-torus in photon beam experiments. The timing signal provided
by the start counter can be used to measure the time of the hadronic interaction
by looking for a coincidence between a signal from the start counter and the tagger.
This allows identiﬁcation of the beam bucket which produced the event in question.53 Chapter 3. Experimental Detectors and Apparatus
Figure 3.13: Computer generated representation of the start counter in CLAS, with
one sector removed to show the position of a 40 cm long target cell.
The start counter is designed to cover the full acceptance of CLAS, and con-
sists of six sectors, each containing four scintillator paddles; continuous pieces of
scintillator with a 502 mm long straight “leg” section between two bends, and a ta-
pered end referred to as the “nose”. The segmentation of the start counter enables
the electromagnetic background to be kept within acceptable limits for ﬁnal states
involving multiple particles by requiring that the hit multiplicity in the paddles is
greater than or equal to two.
Readout of signals in the start counter paddles is achieved via a light guide and
photomultiplier tube attached at the upstream end, outside the useful acceptance of
CLAS. In order to identify the beam bucket that produced an event, and therefore
determine the interaction time, sub-nanosecond coincidence of the tagger with the
start counter is required. This requires a timing resolution in the start counter of
less than 388 picoseconds. The start counter meets this requirement with timing
resolution for the “leg” section of the paddles of ∼292 ps, and ∼324 ps for the
“nose”.54 Chapter 3. Experimental Detectors and Apparatus
3.6.3 Drift Chambers
The drift chambers in CLAS are used to determine the momentum of charged par-
ticles from the curved trajectories they follow due to the inﬂuence of the torus
magnetic ﬁeld. The drift chamber system consists of eighteen separate drift cham-
ber assemblies, arranged as a set of three nested regions for each sector in CLAS,
the boundaries of which are deﬁned by the torus magnet coils. Figure 3.14 indicates
the location of the three regions of the drift chambers in relation to the torus coils
and other detector subsystems of CLAS. The region one drift chambers are con-
tained in a single self-supporting structure, located in an area of low magnetic ﬁeld
close to the target, region two is in an area of high magnetic ﬁeld, with the drift
chambers positioned between the torus coils, and the region three drift chambers
are individual structures for each sector, attached to the outer edges of the torus
cryostats.
Drift Chambers
Region 1
Region 2
Region 3
TOF Counters
Main Torus Coils
Mini−Torus Coils
Figure 3.14: Cross-sectional diagram of CLAS, showing the location of the three
drift chamber regions relative to the torus magnet coils. The setup shown is for
electron beam experiments, with the mini-torus surrounding the target, as opposed
to the start counter used in photon experiments, including g9a.
The drift chamber system is designed to enable particle tracking over a polar
angle range of 8◦ to 142◦, and provide up to 80% coverage in the azimuthal direction.
Each drift chamber assembly consists of two superlayers, comprising six layers of wire55 Chapter 3. Experimental Detectors and Apparatus
each, referred to as the “axial” and “stereo” superlayers. The axial superlayer is
positioned axial to the magnetic ﬁeld, whereas the stereo superlayer is tilted at a
6◦ stereo angle in order to provide azimuthal information. For regions 2 and 3, the
axial superlayer is the innermost layer, located at a closer radial distance to the
centre of CLAS than the stereo layer. This ordering is reversed in region 1, and in
addition to this diﬀerence, the region 1 stereo superlayer consists of just four layers
of wire due to space constraints.
Each of the 18 chamber bodies are designed to support wires between two end-
plates, with these endplates parallel to their neighbouring coil planes, i.e. the end-
plates are tilted at 60◦ with respect to each other. This allows for optimal ﬁlling of
the wedge-shaped sector volumes deﬁned by the torus coils. This design, with the di-
rection of the wires being approximately perpendicular to the bend plane of charged
particles, provides maximum sensitivity to track curvature. The midpoints of the
wires are arranged in layers of concentric circles, with the wire positions shifted by
half the nominal wire spacing in successive layers.
The sense wires are 20 µm in diameter, and made of Gold-plated Tungsten,
this small diameter limits wire tensions and operating voltages, while the choice of
material has been made to ensure durability and chemical inertness [65]. The ﬁeld
wires are made of a Gold-plated Aluminium alloy and have a diameter of 140 µm.
The long radiation length of Aluminium minimises multiple scattering and its low
density allows the ﬁeld wires to be strung at a lower tension, reducing the forces on
the endplates of the drift chamber assemblies. The drift chambers are ﬁlled with
a gas mixture of 88% Argon - 12% Carbon Dioxide. This mixture is inexpensive,
non-ﬂammable, improves the operating lifetime of the drift chambers and minimises
multiple scattering and random backgrounds.
3.6.4 Cerenkov Counter
The Cerenkov counter has the dual purpose of contributing to electron triggering
and separating electrons from pions. The Cerenkov counters consist of 216 light
collection modules, 36 per sector, arranged in 18 segments in θ, covering the polar
angles up to 45◦ for all six sectors [66].56 Chapter 3. Experimental Detectors and Apparatus
The Cerenkov counter for one segment of CLAS is shown in ﬁgure 3.15. Each
of these segments is divided into two modules about the symmetry plane bisecting
each sector. The segments are ﬁlled with perﬂuorobutane (C4F10), which was chosen
as the radiator gas for its high index of refraction, 1.00153. This results in a high
photon yield and a pion momentum threshold of 2.5 GeV/c.
Figure 3.15: The arrangement of the mirrors in the CLAS Cerenkov counter for one
sector.
Each module contains several mirrors, which direct Cerenkov light to a light col-
lecting cone and photomultiplier tube (PMT), located at the edges of the segments.
The mirrors focus light in the φ direction, preserving information on polar angle. As
particle trajectories in CLAS lie in planes of roughly constant φ, placing the PMTs
in the shadow of the torus coils minimises loss of acceptance in the φ direction as
events from these shadow regions are obscured to the drift chambers.
In tagged photon experiments, such as g9a (FROST), the trigger is derived from
the start counter, and there are relatively few electrons. For these reasons, the
Cerenkov counter is not used in g9a.
3.6.5 Time of Flight Scintillators
The time-of-ﬂight (TOF) system is a collection of scintillators radially located be-
tween the Cerenkov counter and the Electromagnetic Calorimeters [67]. The system
has a total scintillator area of 206 m2, providing polar angle coverage between 8◦
and 142◦ and covers the entire azimuthal angular range.57 Chapter 3. Experimental Detectors and Apparatus
Figure 3.16: The arrangement of scintillators for one sector of the CLAS time of
ﬂight system. The four panels comprising the system are shown, with panel 4 on
the left through to panel 1 on the right.
The TOF counters are grouped into four panels and each sector contains 57 scin-
tillators, although the last 18 scintillators are coupled into 9 logical pairs, meaning
there are 48 logical paddles per sector. This arrangement of scintillators is shown
in ﬁgure 3.16. The scintillators are positioned perpendicular to the average particle
trajectory, i.e. parallel to the drift chamber wires, and subtend around 1.5◦ of scat-
tering angle. All the scintillators are 5.08 cm thick, and vary in length and width
depending on their location. Panel 1, containing scintillators 1-23 are referred to as
the forward angle counters and cover scattering angles less than 45◦. The scintil-
lators in panel 1 are 15 cm wide, and vary in length from 32 cm to 376 cm. The
remaining paddles form the large angle panels 2, 3, and 4, and cover the polar angles
greater than 45◦. These scintillators are 22 cm wide, with the exception of the ﬁnal
four paired scintillators, which are 15 cm wide, and are between 212 and 445 cm
long.
As is the case for the Cerenkov counters, the light guides, photomultiplier tubes
and associated cabling and electronics are located in the shadow of the torus coils.
The TOF system provides excellent timing resolution for particle identiﬁcation, and
good segmentation for ﬂexible triggering and prescaling. The system is able to
separate Kaons and Pions in CLAS up to a momentum of 2 GeV/c, and a typical
TOF mass spectrum is shown in ﬁgure 3.17.
In conjunction with the reaction start time provided by the start counter, the58 Chapter 3. Experimental Detectors and Apparatus
Figure 3.17: Sample TOF mass spectrum showing the ability to identify pions, kaons
and protons [29].
TOF system can be used to measure the ﬂight time of particles through CLAS.
This can be used to determine a particle’s velocity, and when combined with the
momentum measurement from the drift chambers, the mass of a particle can be
determined via the relation p = γmv. This determination of the mass is used in the
analysis to perform initial particle identiﬁcation, as will be discussed in chapter 5.
3.6.6 Electromagnetic Calorimeters
CLAS has two electromagnetic calorimeter systems; the Forward Electromagnetic
Calorimeter (EC) [68] and the Large Angle Calorimeter (LAC). These are used for
the detection of electrons at energies above 0.5 GeV and neutral particles, such
as photons, above 0.2 GeV. The detection of photons is particularly useful for the
reconstruction of π0 and η particles via the measurement of their 2γ decays. A brief
discussion of each of these calorimeter systems follows.
3.6.6.1 Forward Electromagnetic Calorimeter
The Forward Electromagnetic Calorimeter covers the θ angle range up to 45◦ for all
six sectors. The EC is made of alternate layers of scintillator strips and lead sheets,59 Chapter 3. Experimental Detectors and Apparatus
Figure 3.18: Partially exploded view of the CLAS Forward Electromagnetic
Calorimeter, showing the three orientations, or views, of the scintillators. Each
view consists of 13 layers of scintillator.
16 radiation lengths thick. It consists of six modules, one per sector, resulting in an
approximately equilateral triangular shape of each module. The scintillator layers
are 10 mm thick, and the lead layers 2.2 mm thick. Each scintillator layer consists
of 36 strips, arranged parallel to one side of the triangle. Successive scintillator
layers linearly increase in area with distance from the centre of CLAS (a “projective
geometry” layout), and are rotated by 120◦, giving three orientations, or views,
referred to as U, V, and W. Each view has 13 layers, which gives stereo information
on the position of the deposited energy in the scintillator.
When a particle enters the EC, it can interact with the scintillator-lead layer,
depositing energy. Reconstruction of a valid hit in the EC requires energy deposition
in all three views of a module, with intersections between the views corresponding
to a hit. By measuring the path lengths from a particle hit position to the readout
edge, the energy and time of the hit can then be calculated.60 Chapter 3. Experimental Detectors and Apparatus
3.6.6.2 Large Angle Calorimeter
The Large Angle Calorimeter consists of two identical modules, which cover only
sectors one and two of CLAS, for the polar angle range 45◦ to 75◦. Its main purpose
is to extend the detection capabilities of the EC to backward angles. The LAC has
a similar layered lead-scintillator construction to the EC, however there are only
33 layers in each module, and successive scintillator layers are rotated by 90◦. The
LAC relies on the same principles for particle detection as the EC, and the lead and
scintillator layers have thicknesses of 2 mm and 15 mm respectively.
3.7 Target
In most conﬁgurations, the target cell is positioned near the centre of CLAS, and
is typically a cylindrical plastic cell ranging in length from several to a few dozen
centimetres, one such cell is shown in ﬁgure 3.19. This cell contains the target
material, usually liquid Hydrogen, which serves to maximise the density of atomic
protons in the target, although other materials such as liquid deuterium or helium
have been used in various CLAS photoproduction experiments.
Figure 3.19: A typical target cell used in CLAS photoproduction experiments. The
40 cm long plastic cell is normally ﬁlled with liquid hydrogen, which serves to increase
the density of atomic protons in the target.
For these previous photon beam experiments, the materials used in the target
have been unpolarised, and not suited for use in a polarised target experiment. Such61 Chapter 3. Experimental Detectors and Apparatus
experiments require a more complicated target material, a means of polarising this
target material and of maintaining the polarisation during an experiment. This has
led to the development of the Jeﬀerson Lab Frozen Spin Target for the g9/FROST
experiments.
3.7.1 Polarised Targets
In a polarised target, the spins of the target nuclei are aligned in the direction of
polarisation by some external means. The degree of this polarisation is the propor-
tion of the target nuclei that become aligned. When exposed to a high magnetic
ﬁeld, the spins of the atomic nuclei begin to align, an eﬀect exploited in Nuclear
Magnetic Resonance (NMR) applications, referred to as Thermal Equilibrium Po-
larisation [50]. The time required to de-polarise (and polarise) nuclei in this manner
depends on the magnetic ﬁeld strength and the temperature. A greater degree of
polarisation can be attained by maximising the ﬁeld strength and minimising the
temperature.
3.7.2 Dynamic Nuclear Polarisation
Thermal Equilibrium Polarisation has the advantage of working for almost all kinds
of nucleus, but requires a large magnet, very low temperatures which limit beam
intensity, only provides one mode of polarisation, and can take a very long time
to polarise the material. For these reasons, Thermal Equilibrium Polarisation is
not suitable for producing polarised targets for nuclear physics experiments such as
those performed in CLAS.
One alternative method, used for solid polarised targets, is Dynamic Nuclear
Polarisation (DNP). DNP relies on polarising the electrons in a target material ﬁrst
(atomic polarisation), then transferring the polarisation from the electron to the
nucleon. This is possible because the electron is much easier to polarise on account
of its greater magnetic moment compared to that of the nucleus, and the transfer
of polarisation to the nucleus is achieved by exploiting the hyperﬁne interaction
between the atomic spin, J, and the nuclear spin, I [50].62 Chapter 3. Experimental Detectors and Apparatus
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Figure 3.20: Zeeman levels of an electron-nucleon pair in the FROST target. The
presence of microwave radiation enables transitions between the spin states of the
electron, with the magnetic ﬁeld allowing the microwaves to induce mutual spin ﬂips
of electron and nucleon via the dipole interaction.
The transfer of polarisation occurs under microwave irradiation, which induces
spin ﬂips between the electrons and nucleons in the target, with the net result being
a build up of nuclei polarised in one particular direction. The simplest mechanism
to describe this is known as the resolved solid eﬀect [50,69].
Figure 3.20 shows the Zeeman levels of an electron-nucleon pair, under the in-
ﬂuence of a high magnetic ﬁeld and microwave radiation at a frequency close to the
electron spin resonance. In this simpliﬁed system, there are four states, representing
the combinations of polarisation states of the electron and proton.
The presence of microwave radiation enables transitions between the polarisa-
tion states of the electron, with the dipole interaction enabling the possibility of
a mutual spin ﬂip of both the electron and the nucleon. For every nucleon spin
ﬂip, multiple electron spin ﬂips occur, and as a consequence of the spin relaxation
time of the electron being much shorter than that of the nucleon, the build up of
nucleon polarisation is possible if the electron spin ﬂips are suﬃciently frequent as
to induce enough spin ﬂips in the nucleons to sustain a population of nucleons with
a particular spin.
In order to preferentially polarise nucleons in one direction, the microwave fre-
quency is chosen such that the transition between the Zeeman levels resulting in the
desired nucleon polarisation state is selected (see ﬁgure 3.21).
The resolved solid eﬀect is only a simpliﬁed explanation of the DNP process,63 Chapter 3. Experimental Detectors and Apparatus
Figure 3.21: Demonstration of the resolved solid eﬀect for an electron-proton pair in
the FROST target, showing the selection of positive and negative polarisation states
with appropriately tuned microwaves to facilitate a mutual spin ﬂip of a proton and
electron. Because the spin relaxation time of the proton is much longer than that of
the electron, the electron spin relaxes, leaving the proton in the desired spin state.
as other properties act to complicate this picture. These include the presence of
multiple electrons, due to the addition of paramagnetic radicals, which are added
to the material to increase the number of free electrons available for spin ﬂipping,
impurities in the material, leading to additional paths by which polarisation can
relax, and the eﬀects of radiation damage. A fuller consideration of DNP and its
underpinning mechanisms can be found in references [50,70].
3.7.3 The FROST Target
FROST, which stands for FROzen Spin Target, is the name of the polarised proton
target designed and built at Jeﬀerson Lab by the lab’s Target Group for the g9
experiments [23,71].
Polarised targets which exploit DNP have been used in Jeﬀerson Lab before [72],
however these targets are not suited for use in the FROST experiment. The main
reason for this is that these targets operate in continuous polarising mode, where
the polarising ﬁeld and microwaves are continuously applied. The presence of the
polarising magnets, and their associated magnetic ﬁeld, act to reduce the acceptance
of CLAS dramatically, obscuring coverage of the backward angles beyond around
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Figure 3.22: The FROST target in Hall B. The target materials are contained in
the target holder, at the tip of the target assembly. The polarising magnet can be
seen in the background on the right hand side of the image.
In order to exploit the large acceptance of CLAS fully, FROST operates in frozen
spin mode. In a frozen spin target, the target is polarised via DNP in the same way
as for a continuously polarised target, but at times when data is being taken, the
polarising ﬁeld and microwave radiation are not applied. Because the magnetic ﬁeld
and microwaves are switched oﬀ, the polarisation of the target material begins to
decay. In order to preserve this polarisation for as long as possible, the target is
kept extremely cold, and a weaker holding magnetic ﬁeld, with smaller coils than
the polarising magnet so as not to obscure reaction products from CLAS, is applied.
Figures 3.22, 3.23 and 3.24 show the FROST target. The bulk of the target as-
sembly consists of the cooling and refrigeration systems required to keep the target
material cold and preserve the polarisation. This includes a custom built horizon-
tal dilution refrigerator (brieﬂy discussed in the next subsection), magnetic coils to
provide the holding ﬁeld, the microwave generator and its associated waveguide com-
ponents, precooling cryogenics, various components for monitoring and controlling
these systems, and a superconducting magnet to polarise the material.
To polarise FROST, it is removed from CLAS and the end containing the target
material is placed inside the polarising magnet, stored near CLAS and away from
the Hall B beamline when not in use, where it is exposed to a 5 Tesla magnetic ﬁeld65 Chapter 3. Experimental Detectors and Apparatus
Figure 3.23: Computer generated image of the FROST target and 5 Tesla polarising
magnet. Five grams of butanol pellets are contained in the target cell, located at
the tip of the target assembly, where a 0.5 Tesla magnetic ﬁeld acts to maintain
target polarisation in conjunction with millikelvin cooling provided by a bespoke
horizontal dilution refrigerator.
and 140 GHz microwaves, causing the nuclei in the target to polarise. During this
process, the target temperature is maintained at around 300 mK. Once the polari-
sation reaches its maximum level, around 80%, the magnetic ﬁeld and microwaves
are switched oﬀ and the target is cooled further via dilution refrigeration, eventually
reaching around 30 mK. During this cooling process, a second holding magnet sur-
rounding the target cell with a lower ﬁeld, around 0.5 T, is then switched on. This
holding ﬁeld and millikelvin cooling “freezes” the polarisation, which slowly decays
over several days, and during this time the target is repositioned inside CLAS and
data taken using the tagged photon beam until it needs to be repolarised, a period
of 5-7 days during the g9a run. Monitoring of the degree of polarisation of the target
is achieved via NMR coils within the target assembly.
The target cell is around 50 mm long and 15 mm in diameter and contains 5 grams
of frozen butanol (C4H9OH) pellets. Pure molecular hydrogen (H2) would be the
ideal material to use as a proton target, however at the low operating temperatures
required, it forms a state with spin zero, and is unpolarisable [50]. In making
an alternative choice of material, consideration is taken of the radiation resistance
of the material and how much hydrogen it contains. These considerations led to
the choice of butanol, doped with paramagnetic radicals by the addition of 0.5%
TEMPO (2,2,6,6-Tetramethylpiperidin-1-oxyl) [73], which provides ∼1019 electrons66 Chapter 3. Experimental Detectors and Apparatus
Figure 3.24: Computer generated image of the FROST target, with the outer vac-
uum can removed to show the 1 K heat shield and the holding coil which surrounds
the target material.
per cubic centimetre [71].
Figure 3.25: Longitudinal holding magnetic coil for the FROST target, used in the
g9a experiment.
In the g9a experiment, FROST operated in longitudinally polarised mode, i.e. the
direction of polarisation was parallel or anti-parallel to the direction of the photon
beam. A summary of the target run conditions are given in table 3.2. During the
g9a run, the FROST target exceeded many of its design speciﬁcations, achieving a
target temperature around 30 mK, 20 mK lower than the speciﬁcation, polarisations67 Chapter 3. Experimental Detectors and Apparatus
in excess of the expected 80%, the dilution refrigerator delivering far greater cooling
power than designed, and polarisation relaxation time between 3 and 5 times longer
than expected, depending on polarisation direction.
Target Polarisation Mode Longitudinal (+/-Z)
Maximum Polarisation Achieved
82% (Positive)
85% (Negative)
Relaxation Time
2700 hours (Positive)
1600 hours (Negative)
Target Temperature (Frozen Spin Mode)
28 mK (no beam)
30 mK (with beam)
Cooling Power
1 mW (Frozen Spin Mode, 50 mK)
80 mW (Polarising, 300 mK)
Field Strength (Polarising Magnet) 5 Tesla
Field Strength (Holding Magnet) 0.5 Tesla
Polarisation Loss (Per Day) 1-2%
Table 3.2: Summary of operating conditions of the FROST target for the g9a ex-
periment
Also included on the FROST target assembly are two unpolarised target foils,
carbon and polythene. These are used for studies of the nuclear contribution to the
butanol data, quantifying the amount of unpolarised material in the butanol, and
veriﬁcation of previous measurements on unpolarised targets, which will be discussed
in chapter 6.
3.7.4 Dilution Refrigeration
Below temperatures of 0.88 K, a 3He/4He liquid helium mixture separates into two
separate phases; one rich in 3He (the ‘concentrated’ phase) and one poor in 3He
(the ‘diluted’ phase) [74] (see ﬁgure 3.26). When 3He is removed from the diluted
phase, 3He from the concentrated phase crosses the phase separation boundary in
order to maintain equilibrium. This absorbs heat from the surroundings and can be
exploited for cooling at very low temperatures.
In a dilution refrigerator, this property of a 3He/4He mixture is exploited in
order to realise the millikelvin cooling required to help maintain polarisation in
the FROST target during data collection. Figure 3.27 shows the basic layout of a
dilution refrigerator, and its key components, the mixing chamber, where the lowest68 Chapter 3. Experimental Detectors and Apparatus
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Figure 3.26: Below temperatures of around 0.88 K, a mixture of 3He and 4He sep-
arates into two phases, one rich in 3He and one poor in 3He, respectively referred
to as the concentrated and diluted phases. When 3He is removed from the diluted
phase, 3He from the concentrated phase crosses the phase separation boundary in
order to maintain equilibrium. This absorbs heat from the surroundings and can be
exploited for cooling at very low temperatures.
temperatures are reached, the distillation chamber, where 3He is removed from the
mixture, and the condenser, where the removed 3He is condensed before being re-
introduced to the mixing chamber to maintain a continuous cooling cycle.
At the low temperatures required in the mixing chamber, 3He cannot be directly
pumped away as the vapour pressure is too low, and so the helium mixture from the
dilute phase is pumped to a distillation chamber, which is maintained at a higher
temperature. The vapour pressure of 3He here is high enough for it to be pumped
out. Following its removal, the 3He is recondensed so it can be reintroduced to the
mixing chamber in order to maintain a continuous cooling cycle.
Dilution refrigerators are commercially available, but are oriented vertically (as
seen in ﬁgure 3.27) and are unsuitable for the FROST target as it would not be
able to ﬁt inside CLAS. For this reason, a bespoke horizontal dilution refrigerator
was designed and constructed in-house at JLab for use in the FROST target. This
refrigerator can be seen in ﬁgure 3.28.
3.8 Beamline
The Hall B beamline contains several other pieces of equipment, used to ensure
beam quality. Of particular importance for running with the linearly polarised pho-
ton beam is the position of the electron beam when it hits the diamond. If the beam69 Chapter 3. Experimental Detectors and Apparatus
Figure 3.27: Diagram of a vertically-oriented dilution refrigerator, showing the key
components [71]. Commercially available dilution refrigerators are oriented in this
manner and therefore cannot ﬁt inside CLAS, leading to the development at JLab
of a horizontal dilution refrigerator for the FROST target.
Figure 3.28: The horizontal dilution refrigerator developed at JLab for the FROST
target.70 Chapter 3. Experimental Detectors and Apparatus
is not positioned correctly, or its position is unstable, then this can have a dramatic
eﬀect on the degree of polarisation of the resulting photon beam. Monitoring of the
electron beam position is realised via the Beam Position Monitors (BPMs). There
are three BPMs in the Hall B beamline, located 36, 24.6 and 8.2 m upstream of
the CLAS target, designated 2C21A, 2C24A and 2H01A, respectively. The electron
beam induces a current in wires adjacent to the beamline, which varies with po-
sition, allowing the x and y positions of the beam to be determined. For photon
beam running, only the 2C21A and 2C24A BPMs are used, as the 2H01A BPM
is located downstream of the photon tagging spectrometer. A representative set of
BPM measurements from g9a as shown in ﬁgure 3.29.
Figure 3.29: Typical beam stripcharts showing x (top) and y (bottom) beam posi-
tions, as seen during the g9a run period. 2C21A (blue) and 2C24A (red) are shown,
2H01A is not shown as its location downstream of the tagger mean it is not used in
photon experiments.
The total absorption shower counter (TASC) is located downstream of CLAS,
and uses four lead glass blocks to determine beamline eﬃciency. This information
allows the measurement of the number of bremsstrahlung photons hitting the target.
The TASC can only operate at beam currents up to 100 pA and must be removed
from the beamline under normal run conditions, therefore secondary monitors must
be cross-calibrated against the TASC at these low currents and used to monitor71 Chapter 3. Experimental Detectors and Apparatus
photon ﬂuxes at higher currents.
The Pair Spectrometer (PS) is one of these secondary monitoring devices, able
to measure photon ﬂuxes at high rates. The operation of the PS is based on the
use of a thin conversion foil to produce e+e− pairs from the photon beam. These
pairs are then swept out of the beamline by a dipole magnet and detected by a set
of scintillator paddles.
3.9 Trigger and DAQ
In order to select and read out signals corresponding to events of interest from the
various subsystems comprising CLAS, a trigger system is employed. In general,
analogue signals for each detector element are split into two branches; one leads to
a Charge to Digital Converter (QDC) and the other to a discriminator to produce
a logic signal which can be fed to a Time to Digital Converter (TDC) and used
as input to the logic circuit which triggers the event readout. In an experiment
with many hundreds of detector elements each subsystem (eg. Drift Chambers,
TOF) delivers a single logic signal derived from the OR of the logic signals of its
constituent elements.
These subsystem pulses provide the inputs to the trigger which makes a decision
on whether to accept or reject the event. If an event is rejected, a fast clear is issued,
which clears all QDCs and resets all TDCs ready for the next event. For accepted
events a TDC common stop (or start, depending on the mode) is issued, and the
readout of all TDCs and QDCs by the data acquisition (DAQ) system is initiated.
The system is latched until the readout is complete, and then reset ready to
accept another event. Additionally, logic signals from individual elements (or the
ORs of groups of elements) are fed to scalers to provide information on raw count
rates. These can be displayed in the experimental control room for monitoring and
read into the data stream at regular intervals by the DAQ computer (online event
reconstruction in CLAS is shown in ﬁgure 3.30).
The CLAS trigger comprises two hierarchical levels, 1 and 2, and a trigger su-
pervisor, which can be conﬁgured for individual experiments in order to increase the72 Chapter 3. Experimental Detectors and Apparatus
Figure 3.30: Online event reconstruction in CLAS, displayed via the CLAS Event
Display system.
proportion of triggers corresponding to events of interest relative to other processes,
such as electronic noise or cosmic rays passing through CLAS, which can produce
signals that do not correspond to physics events.
The level 1 trigger is intended to rapidly process (within 90 ns) prompt PMT
signals through a pipelined memory lookup, in order to determine if an event of
interest has occurred. The trigger does this by comparing bit patterns from various
detector systems, including the TOF and Cerenkov Counter, with patterns stored in
memory tables, looking for potential physics events. Figure 3.31 shows a schematic of
the electronics for memory lookup by the level 1 trigger, which combines information
from each subsystem for each sector into the level 1 trigger signal.
Depending on the trigger conﬁguration, if an event satisﬁes the level 1 trigger,
the level 2 trigger attempts to ﬁnd suitable tracks in the drift chambers before
declaring the event valid. If the level 2 trigger is not satisﬁed, a fast clear signal is
issued, which clears all the TDCs. Following a level 1 trigger, the level 2 trigger has
a period of time known as the fast clear window, around 4 µs, to determine if the73 Chapter 3. Experimental Detectors and Apparatus
Figure 3.31: Schematic of the memory lookup employed by the level 1 trigger in
CLAS. The numbers on the lines to and from each stage of memory lookup indicate
the number of bits of trigger data at each stage.
event satisﬁes the level 2 trigger conditions. The fast clear window is equal to the
longest possible drift time in the DC, plus the time required for level 2 processing.
The trigger supervisor produces all common start and stop signals, busy gates,
and resets required by the detector electronics. It can be conﬁgured to require only
a level 1 input, or both level 1 and level 2 signals.
Once the trigger has been satisﬁed, the readout of the event and conversion into
an analysable format can take place. This is achieved by the data acquisition system
(DAQ), which uses the CEBAF Online Data Acquisition (CODA) framework.
Data from the various detector systems are digitised, then collected by 24 read-
out controllers (ROCs). These digitised events are then converted into tables and
associated with a unique identity number. The resulting data fragments are then
buﬀered and transferred to the CLAS online acquisition computer (CLON10), lo-
cated in the Hall B control room. Three main processes occur on the acquisition
computer, Event Builder (EB), Event Transport (ET) and Event Recorder (ER).
The Event Builder process collates fragments and converts the data into the Bank74 Chapter 3. Experimental Detectors and Apparatus
Operating System (BOS) format, Event Transport passes the completed events into
shared memory on the acquisition computer, where it can be used for online moni-
toring, reconstruction, or analysis. Finally, the event recorder writes the data to a
RAID array, where it is transferred to the JLab tape silo for oﬄine analysis.
3.10 Summary
In the g9a experiment, the high quality electron beam delivered to Hall B from CE-
BAF is used to produce a polarised photon beam via bremsstrahlung radiation. This
photon beam is incident on a longitudinally polarised target positioned in the CLAS
detector, and the detector’s high acceptance for charged particles is exploited to mea-
sure reaction products of various photoproduction reactions, including strangeness
channels.
Before analysis can be carried out on the collected data, the detector subsystems
must be calibrated to allow the raw data to be converted into meaningful physical
values. These processes will be described in the next chapter.Chapter 4
Data Handling and Calibration
In this chapter, the details of the conditions for the g9a run and the collection of
data are described, as well as the processes required to convert the raw data gathered
into a format upon which the analysis can be carried out. Over 10 billion events
were recorded during the four months of the g9a run period, and are initially stored
as the raw signals from the various detector systems comprising CLAS.
Data are reconstructed into a meaningful physical format of values such as par-
ticle energy, momentum and timing in a process referred to within the CLAS col-
laboration as ‘cooking’, which takes place after the iterative process of calibration
of the individual detector systems. In addition to this process, measurements of the
photon beam and target polarisations are made so that the eﬀect of these properties
on the analysis can be accounted for.
4.1 Run Conditions and Data Collection
Forming one half of the g9 frozen spin target (FROST) experiment at JLab, the
g9a run period took data from October 2007 until February 2008, using a longitu-
dinally polarised target, and linearly and circularly polarised photon beams. The
g9 experiment aims to use a polarised target in conjunction with polarised photon
beams to study several photoproduction reaction channels, including the strangeness
channels K+Λ, K+Σ0, and K0Σ+ [23], in addition to π and η meson production re-
actions [25,24]. The running conditions during the g9a experiment are summarised
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in table 4.1.
Running Conditions
Linear and circular photon beam
polarisation, longitudinally polarised target
Torus Current 1918 A
Trigger At least one charged particle in CLAS
Beam Current 10 - 20 nA
Photon Energy Range 0.7 to 2.3 GeV (Linear Polarisation)
Radiator
50 µm Diamond (Linear Polarisation)
10−4 radiation length Au (Circular Polarisation)
Targets
Longitudinally Polarised Butanol (C4H9OH),
Unpolarised Carbon (12C),
Unpolarised Polythene (CH2)
Target Length
52.7 mm (Butanol),
1.49 mm (Carbon),
3.45 mm (Polythene)
Target Diameter 15 mm
Target Magnetic Field
5 T (Polarising)
0.5 T (Holding)
Base Target Temperature
28 mK (no beam)
32 mK (10 nA beam)
Target Polarisation
+82%
-85%
Target Relaxation Time
2700 hours (positive polarisation)
1400 hours (negative polarisation)
Table 4.1: Summary of running conditions for the g9a experiment.
CEBAF ran at several electron beam energy settings during g9a, and the beam
provided was used to produce linearly and circularly polarised photons of various
energies. For the linearly polarised photon beam, nine photon beam energy settings
were produced, ranging from 700 MeV to 2.3 GeV, in steps of 200 MeV. These
energy settings are shown in ﬁgure 4.1. The two lowest energy settings, 0.73 GeV
and 0.93 GeV, are not used in this analysis as they are below the energy threshold
for hyperon production.
Because of the multiple electron beam energies used, some coherent peak settings
contain data from more than one electron energy setting. This results in diﬀering
levels of photon polarisation contributing to the overall degree of beam polarisation
for each peak setting. Through careful planning and management of the experiment,
the data for most peak settings were taken with just one electron energy, only the 1.1
GeV setting contained multiple energies, and this was limited to only two electron77 Chapter 4. Data Handling and Calibration
Figure 4.1: Photon energies achieved in the g9a experiment. The red lines indicate
the coherent peak settings selected. Due to drift of the coherent peak caused by
instability in the CEBAF electron beam, the photon energies produced drift from
the desired energy.
energy settings. This can be seen in table 4.2, which summarises the energy settings
used in the run, and the number of triggers recorded for each polarisation setting.
The energy bin selection employed for the analysis, which will be discussed in
chapter 6, is consistent with the peak settings seen in ﬁgure 4.1. However, under this
scheme, data from the adjacent peak setting in increasing photon energy will also
contribute to the bin, resulting in diﬀering levels of photon polarisation contributing
to the energy bin. For most bins, this will only result in two contributing levels of
polarisation, with three levels contributing to the bin corresponding to the 1.1 GeV
peak setting. The determination of the degree of photon polarisation is described
in section 4.5.
The polarisation plane is deﬁned as the orientation of the photon’s electric ﬁeld
vector with respect to the horizontal plane of the CLAS co-ordinate system. Two
orthogonal settings are required for asymmetry measurements, parallel (PARA), and
perpendicular (PERP), which are selected by adjusting the azimuthal orientation
of the diamond in the goniometer. When the amorphous radiator is used, the po-78 Chapter 4. Data Handling and Calibration
Positive Target Setting Negative Target Setting
Ee(GeV ) Eγ(GeV ) PARA PERP PARA PERP
2.775 0.7 1.21×108 1.19×108 4.03×107 4.01×107
2.775 0.9 8.18×108 8.10×108 1.12×108 1.23×108
2.775 and 3.539 1.1 7.97×107 2.37×108 7.95×107 1.05×108
3.539 1.3 1.21×108 1.20×108 2.17×108 1.63×108
3.539 1.5 1.27×108 1.62×108 1.60×108 1.68×108
3.539 1.7 8.06×107 5.08×107 3.65×108 3.65×108
4.591 1.9 1.27×108 1.35×108 2.85×108 2.21×108
4.591 2.1 2.58×108 2.53×108 2.01×108 2.04×108
4.591 2.3 2.70×108 1.21×108 4.10×108 1.10×108
Table 4.2: Electron and photon beam energy settings for the linearly polarised
portion of the g9a experiment, with total triggers for each beam polarisation plane
and target polarisation setting. Note that two electron beam settings contribute to
the 1.1 GeV photon beam setting.
larisation plane is deﬁned as amorphous (AMO), and the polarisation settings were
alternated in the approximate ratio 2:2:1 of PARA, PERP and AMO. In addition
to altering the plane of photon polarisation, the direction of polarisation of the tar-
get is also altered. With respect to the direction of the incoming beam, the target
polarisation is altered between parallel and anti-parallel, referred to as the positive
and negative target settings, respectively. The target polarisation direction was
changed roughly once per week, and was done when repolarising the target, with
the intention of allowing approximately equal amounts of PARA and PERP data
to be collected for each target polarisation setting. There are four combinations of
beam and target polarisation, and their mean values for each photon beam energy
setting are shown in table 4.3.
Eγ(GeV ) PARA PERP Positive Target Setting Negative Target Setting
1.1 0.45 0.52 0.89 0.78
1.3 0.53 0.55 0.87 0.78
1.5 0.49 0.52 0.86 0.78
1.7 0.46 0.49 0.84 0.79
1.9 0.41 0.39 0.84 0.80
2.1 0.50 0.47 0.85 0.77
2.3 0.59 0.64 0.89 0.80
Table 4.3: Mean polarisations of beam and target for the linearly polarised photon
portion of the g9a experiment.79 Chapter 4. Data Handling and Calibration
4.2 Data Reconstruction
Like most experiments, raw data from CLAS experimental runs are collected in
the form of ﬁles containing channel ID and values for the QDCs and TDCs of the
various detector systems. These must be converted into physical quantities in a
process referred to as ‘cooking’, a time-consuming process in which particle tracks
and momenta are reconstructed from the raw data. The detector subsystems must
also be calibrated, before analysis of the data can be carried out.
The raw data from the CLAS subsystems are stored on an event-by-event basis
within a dynamic memory structure known as Bank Operating System (BOS). In
this structure, each CLAS subsystem has at least one associated ‘bank’, which con-
tains the raw output of the detector. These banks can be accessed individually as
required by functions developed for the cooking or calibration processes. The raw
BOS ﬁles are named according to run number, and split into a number of 2 GB ﬁles
depending on the length of the run. A typical run in g9a would collect roughly 20
million events, which corresponds to around 30 data ﬁles per run. In total, the g9a
experimental run period took data for around 650 runs, including several dozen cal-
ibration and commissioning runs, taken while the experimental equipment in Hall B
was set up and adjusted at the start of the run period, and a number of “junk” runs,
which cannot be used for a variety of reasons, such as failure of the data acquisition
system during the run, resulting in no data being written to ﬁle, or the run was
taken during repairs or changes to equipment, and served only as a test of the work
carried out.
4.3 Subsystem Calibrations
Calibrations are performed in an iterative manner of the subsystems of CLAS, at
ﬁrst on a small subset of the data, with improvements to the calibration of one
system allowing further improvements to be made to the others. Once an adequate
set of calibrations has been performed, they are applied to the whole dataset and the
cooking process can take place, converting raw BOS data for each detector system
into physical quantities, such as particle ID, position, angles, energy, time, etc.,80 Chapter 4. Data Handling and Calibration
which are output in the form of cooked BOS ﬁles. The calibrations performed on
the data are summarised below.
4.3.1 Start Counter
As discussed in the previous chapter, the start counter is of great importance to
photonuclear experiments in Hall B, initiating the level 1 trigger and providing
timing information on the hadronic interaction which enables the appropriate beam
bucket for an event to be identiﬁed. In order to do this, the start counter must be
suitably calibrated. This is done in two main stages, ﬁrst the timings of the paddles
in the start counter (24 in total) are aligned with respect to each other, then the
start counter time (the time of a hit in the start counter) is adjusted relative to the
tagger time (the time of a hit in a tagger T-counter, itself separately calibrated as
described in the next subsection). Figure 4.2 shows various calibration plots for the
start counter, before and after calibration.
The ﬁnal stage of the start counter calibration involves alignment with the time-
of-ﬂight (TOF) system by subtraction of the vertex time from the TOF from the
start counter vertex time. The distribution of these times is then aligned to zero.
4.3.2 Tagger
Calibrating the tagger involves converting the E-counter and T-counter TDC val-
ues from the PMTs into times by computing calibration constants for each TDC.
This allows geometrical matching between hits in the E-counter and overlapping
T-counters. Final timing is taken from the T-counters, corrected individually for
oﬀsets, to identify the correct beam bucket. Fine corrections to this timing come
from the machine RF time.
Each T-counter has two TDCs, left and right, for which times are calculated and
compared. These are then corrected relative to each other and the RF time on a
counter-by-counter basis. Because the TDCs operate in a so-called common-start
self-triggered mode, a T-counter hit can start a time measurement. In such a case,
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Figure 4.2: Start counter plots, before and after calibration. The top row shows (L-
R) start counter time vs paddle number, diﬀerence between tagger and start counter
times vs paddle number, the diﬀerence between tagger and start counter times vs T-
counter, and start counter time vs tagger time. The bottom row shows start counter
time vs paddle number for pion events, normalised to the vertex time for the whole
length of the paddle, the “leg” section, and the “nose” section. Calibrated plots
show several distributions aligned around zero, indicating a well calibrated run.82 Chapter 4. Data Handling and Calibration
Figure 4.3: Tagger calibration plots. Note the alignment of several of the plots on
zero, indicating a well calibrated run.
further corrections are performed to account for signal delay between the left and
right TDCs.
The correct RF beam bucket is then identiﬁed from the RF time, which is given
relative to the trigger time. This requires the determination of calibration constants
for each T-counter, ﬁrst using the start counter as a reference time, then accounting
for the RF phase shift in the T-counter, enabling the beam bucket oﬀset to be
determined on an event-by-event basis. This procedure results in the calculation
of two times which can be used in analysis, the tagger time reconstructed on an
event-by-event basis, and the RF bucket real time, which is considered to be the
actual photon time.
The time it takes a photon to reach the centre of the CLAS target should be
the time associated with a tagged photon. This is relative to the CLAS detector
subsystems and, since the RF timing and T-counter signals are independent of each
other, this tagger to TOF oﬀset can be be deﬁned in a similar manner as the start83 Chapter 4. Data Handling and Calibration
counter to TOF oﬀset.
4.3.3 Drift Chambers
Calibration of the drift chamber is necessary in order to reconstruct particle tracks
in CLAS. These paths are reconstructed from measurements of particle positions
within the drift chamber cells. Track reconstruction is performed in two stages, Hit
Based Tracking (HBT) and Time Based Tracking (TBT).
Hit Based Tracking is based upon a least squares ﬁt of a track to hit wire position,
and is performed when three superlayers register a hit. The resulting track segments
are then linked across all the superlayers and regions in order to reconstruct a track.
Time Based Tracking requires the measurement of the drift time, using informa-
tion on the particle ﬂight time from target to the time of ﬂight scintillators. These
drift times can then be converted into distances within the drift chamber cells and
ﬁtted within the cells to determine the track.
4.3.4 TOF
At this point, the start counter, tagger and time of ﬂight timings are aligned relative
to each other. This timing alignment underpins the identiﬁcation of particles in
CLAS and their association with events. The TOF also plays an important role in
the particle identiﬁcation process by determining the quality of the charged particle
identiﬁcation and the mass resolution.
First the status of each scintillator paddle is ﬂagged for any reconstruction prob-
lems, such as no ADC or TDC, and pulser runs used to measure the ADC pedestals;
these runs are also used to calibrate the TDCs. Laser runs are used to calibrate for
the dependence of the trigger time on the signal peak height of the triggering signal.
By aligning the left and right PMTs and determining left-right time oﬀsets, the
hit position within a scintillator can be determined and the hit positions from each
TDC can be plotted for each scintillator on a sector by sector basis. These sector
based distributions should be symmetric around zero.
To account for attenuation length of the scintillator the relation between the84 Chapter 4. Data Handling and Calibration
amount of light arriving at each PMT and the hit position along the scintillator is
determined. To do this, the geometric mean of the left and right ADC values for
a minimum ionising particle is measured and normalised so that the pulse heights
for a minimum ionising particle normally incident at the centre of the scintillator is
equivalent to 10 MeV.
The eﬀective velocity of light in the scintillator must then be calibrated for each
counter using hit position information and the diﬀerence between the left and right
timings. Finally, the paddle to paddle delay alignment sees the timing for each
scintillator aligned with the start counter and photon tagger.
Figure 4.4: Paddle-to-paddle delay between the timing from the TOF scintillators
and the start counter/photon tagger, shown for each sector in CLAS. The plots
show timing diﬀerence between the time of ﬂight and vertex times, plotted against
TOF paddle number. The gaps in the distributions indicate faulty TOF paddles,
and are not used to reconstruct data. Oﬀsets are calculated such that the peak of
each scintillator’s timing distribution is centred on zero.85 Chapter 4. Data Handling and Calibration
4.3.5 Electromagnetic Calorimeters
The principle behind the calibration of the electromagnetic calorimeters (the forward
electromagnetic calorimeter and the large angle calorimeter) is to ﬁnd an agreement
between the vertex time as measured by the EC and that measured by the TOF.
A distribution of the diﬀerences between these two times should be centred on
zero. The EC time is required for neutron/photon discrimination in CLAS as it is
the measurement of the particle velocity that enables identiﬁcation, although this
calibration is less important for the analysis presented in this thesis as the detection
of photons or neutrons is not required.
4.4 Data Skimming
The entire cooked g9a data comprises several thousand ﬁles, and is several terabytes
in size, requiring not insigniﬁcant resources for storage. This data was accumulated
for the analysis of various reaction channels [23,24,25], and as a result of the loose
trigger conditions employed to accept events for all these channels, the resulting
data is dominated by events corresponding to other channels. This leads to longer
runtime of analysis code, as events of interest must be selected from thousands of
events which correspond to other channels.
In order to manage the data better, and shorten the runtime of analysis code, the
data is reduced in size by a process called skimming. Two skims were performed to
produce the ﬁles used in the ﬁnal analysis, the ﬁrst skim takes the cooked BOS ﬁles
and selects events containing a candidate kaon, which would allow reconstruction
of the reactions of interest, and outputs a DST (Data Summary Tape) ﬁle. The
resulting DST ﬁles are much smaller than the cooked BOS ﬁles they were created
from, having discarded events which do not correspond to potential K+Λ or K+Σ
reactions. A second skim was performed only on the skimmed linearly polarised
data, as the circularly polarised data was not used in this analysis. This skim
realises further data reduction by removing banks not used in the analysis, and
reduces the number of ﬁles by combining the much smaller skimmed data ﬁles into
a single ﬁle for each run. After these skims have been performed, the data comprises86 Chapter 4. Data Handling and Calibration
419 ﬁles, and requires a total of 255 Gigabytes of storage.
4.5 Photon Polarisation
In order to measure the degree of photon polarisation, the position of the coher-
ent edge and the relationship between photon energy and polarisation for the edge
positions must be known. The position of the coherent edge is found by taking an
enhancement plot of the tagger scaler spectrum, formed by dividing the polarised
photon spectrum by the amorphous distribution, as shown in ﬁgure 4.5. The coher-
ent edge is deﬁned to be the steepest negative gradient of the trailing edge of the
peak on the enhancement.
When the coherent edge has been found from the enhancement, it is compared
to an analytic bremsstrahlung (ANB) calculation [75]. This enables properties such
as beam diversion and beam spot size to be accounted for, and the adjustment
of several parameters relevant to the degree of photon polarisation. Once a good
agreement is reached between the data and the calculation, a set of polarisation
lookup tables are generated. This is performed for each coherent peak setting and
polarisation plane, and in the case of the 1.1 GeV peak setting, for each electron
energy setting for that peak setting.
With the values of photon polarisation now known, the weighted mean values for
each plane setting for each energy bin can be found. This requires the mean photon
polarisations for the planes to be calculated for each contributing polarisation table,
with the ﬁnal value for the bin calculated from the weighted mean of these values.
Systematic uncertainty in the measurement of photon polarisation with the ANB
method arises from several sources. These include a combination of the curvature
and quality of the diamond radiator and small drifts in the angle of the incident
electron beam. These drifts in beam angle cause the coherent peak to drift away
from its nominal position.
The polarisation tables used in this analysis are based on an average position
of the coherent peak, resulting in a systematic error of 10%. A more sophisticated,
event-by-event analysis of the beam polarisation is currently underway, and is ex-87 Chapter 4. Data Handling and Calibration
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Figure 4.5: (top) incoherent bremsstrahlung spectrum for photons produced by
electrons from the CEBAF beam incident on an amorphous radiator, showing
a spectrum which falls oﬀ with increasing photon energy. (middle) coherent
bremsstrahlung spectrum from a diamond radiator demonstrating the characteristic
“coherent peak” structure. (bottom) enhancement plot made dividing the coherent
and incoherent spectra.88 Chapter 4. Data Handling and Calibration
Figure 4.6: (Top) Collimated tagger spectrum compared with the Analytic
bremsstrahlung (ANB) calculation for a sample run from g9a (photon energy =
1.1 GeV). (Bottom) Calculated photon polarisation versus photon energy.89 Chapter 4. Data Handling and Calibration
pected to bring the systematic uncertainty down to ∼3% [76].
Due to the limitations of this technique, the polarisation measurements for g9a
are considered unreliable outwith the range peak energy−200MeV < photon energy <
peak energy + 100MeV [76]. This restriction forms the justiﬁcation for the photon
energy cut applied in the analysis and discussed in the next chapter.
4.6 Target Polarisation
In addition to measurements of photon beam polarisation, knowledge of the de-
gree of target polarisation is required to extract the G polarisation observable from
asymmetry measurements on the polarised target data.
This is achieved via the NMR coils integrated into the FROST target, described
in the previous chapter. While the target is being polarised, the high-ﬁeld coils
are used to perform an NMR measurement every few minutes, with the low-ﬁeld
coils used for NMR measurements in frozen spin mode, made every 30 minutes.
These measurements are of the voltage induced in the coil by the absorption and
re-emission of RF radiation at a range of frequencies around the Larmor frequency
of the protons in the target.
To convert these NMR measurements into a value of target polarisation, the
coils must be calibrated. First, the high-ﬁeld coils are calibrated for the polarising
mode of target operation, where the conditions of thermal equilibrium between
target material and the target cryogenics mean that polarisation can be calculated
from Boltzmann statistics. This allows measurements from the high-ﬁeld coils to be
calibrated against the known values of polarisation.
The low-ﬁeld coils are then calibrated by using polarisation measurements from
the calibrated high-ﬁeld coils taken just before and after operation of the target in
frozen spin mode. The target polarisation at this changeover from polarising mode
to frozen spin mode will be roughly the same, so the polarisation measurement with
the high-ﬁeld coils can be used to calibrate the low-ﬁeld coils in a similar manner
to the initial calibration of the high-ﬁeld coils to the calculated polarisation from
Boltzmann statistics.90 Chapter 4. Data Handling and Calibration
The calibrated NMR measurements are then used to deﬁne a value of target
polarisation for each run, and weighted mean target polarisation values can be de-
termined for each bin just as they were for beam polarisation. As the rate of depo-
larisation is low (less than 2% per day), this value can be assumed to be constant
for the duration of a run (typically 2 hours to collect 20 million triggers).
Key sources of uncertainty in this measurement of target polarisation include
contamination of the target material with other materials containing molecular pro-
tons, changes in the properties of the circuitry associated with the NMR coils as
temperature changes between polarising and frozen spin modes, systematic uncer-
tainties in the measurement of target temperature, and varying sensitivity of the
NMR coils along the length of the target. These eﬀects were considered during the
determination of target polarisation and an error in the target polarisation for each
run has been calculated [77].
4.7 Summary
Once the calibration process is ﬁnished, the data can be used for physics analysis,
with the option of skimming the data in order to pre-select candidate K+Λ and
K+Σ events by preliminary identiﬁcation of events containing a Kaon in the ﬁnal
state. This enables the size and number of data ﬁles to be greatly reduced, allowing
more eﬃcient use of computing resources in the analysis. The analysis presented in
this thesis was carried out using the ROOTBEER analysis package [78], a ROOT-
based [79] software framework designed for ease of handling of the BOS and DST
ﬁle formats used for cooked and skimmed CLAS data ﬁles.
The data are used to construct particle 4-vectors from initial particle identiﬁca-
tion, and these 4-vectors are used for the selection and analysis of events of interest.
These processes are described in the next chapter.Chapter 5
Analysis: Event Selection
This chapter describes the details of the process followed to identify the γp →
K+Λ0 → K+pπ−, and γp → K+Σ0 → K+Λ0γ → K+pπ−γ reactions from the g9a
data. This process has been split two parts; particle identiﬁcation, where candidate
particles for the reactions of interest are selected from the skimmed data, and channel
identiﬁcation, where these events are separated according to their corresponding
reaction channel.
The chapter follows this process for the centre of mass energy range, W = 1.87
- 1.97 GeV, roughly corresponding to the 1.5 GeV coherent peak setting on photon
energy, but the same procedures are carried out for each of the energy settings
settings and the cuts applied are tabulated at the end of the particle and channel
identiﬁcation sections.
5.1 Particle Identiﬁcation
The ﬁrst stage of the analysis process involves the identiﬁcation of particles detected
in CLAS which may have been produced by an event of interest. The two reactions
studied, γp → K+Λ0 and γp → K+Σ0, have similar ﬁnal states detected in CLAS,
with the Sigma decaying to a Lambda plus a photon, and the Lambda further
decaying to pπ−, as it would for the K+Λ channel.
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5.1.1 Hit Multiplicity Cut
The ﬁrst cut to be applied is on hit multiplicity, or the number of particles detected
in CLAS for a given event. Events are retained which have 2, 3 or 4 particles in
the ﬁnal state, in addition to a valid hit in the tagger. As discussed above, the
channels of interest have well-deﬁned ﬁnal states, of three and four particles for the
Lambda and Sigma channels respectively, which deﬁned the upper limit on particle
multiplicity. The lower limit is determined by the requirement to be able to reliably
reconstruct events of interest from non-exclusive detection of the ﬁnal state particles.
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Figure 5.1: Hit multiplicity of events in CLAS. Events with 2, 3, or 4 particles in
the ﬁnal state are retained.
Non-exclusive particle detection was used in this analysis, because of the low
probability of detecting a photon in CLAS, the lower acceptance for the negatively
charged pion (as a result of the torus ﬁeld setting used), and the limited amount of
data for g9a compared to other CLAS photon beam experiments. The reconstruction
of the reactions of interest from these non-exclusive events is discussed later in this
chapter.
5.1.2 TOF Mass Cut
Following the hit multiplicity cut, identiﬁcation of candidate particles is carried
out. This was achieved via a combination of the information on charge and mass93 Chapter 5. Analysis: Event Selection
provided by the drift chambers and time of ﬂight system. By deﬁning a series of
TOF mass windows for positive and negative charged particles, candidate particles
can be identiﬁed. The selection criteria for particle identiﬁcation were as follows;
• All particles with non-zero mass and zero charge were removed
• Charged particles with charge greater than one unit were removed
• All particles of non-zero charge must have a valid hit in the drift chamber and
either TOF or Electromagnetic Calorimeter
• For positive charged particles the TOF mass windows used were;
0.1 < M2 < 0.49GeV 2/c4 was a K+
0.49 < M2 < 1.44GeV 2/c4 was a proton
• For negative charged particles the following TOF mass window was used;
0.0 < M2 < 0.1GeV 2/c4 was a π−
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Figure 5.2: Time of ﬂight mass for events in CLAS after the hit multiplicity cut
to select events with 2, 3 or 4 particles in the ﬁnal state. Candidate particles are
selected by a combination of charge and a cut on the TOF mass. The spike on top
of the peak at mass squared ∼0.9 GeV2 is the mass assigned to neutral particles in
CLAS.
Following this initial particle identiﬁcation, event selection is carried out for the
channels of interest. Events must contain a proton and kaon, in addition to zero94 Chapter 5. Analysis: Event Selection
or one pions and zero or one neutral particle (to allow the possibility of detecting
the photon, although its energy is below the photon detection threshold in CLAS).
The possibility of detecting the pion is retained, although it is not required for
reconstruction of the Λ or Σ hyperons.
As can be seen in ﬁgure 5.2, particle identiﬁcation from the TOF mass windows is
only a ﬁrst step, as signiﬁcant backgrounds from mis-identiﬁed particles are present.
Of particular concern is the identiﬁcation of the kaon, as kaon-pion separation is a
known diﬃculty in CLAS analyses. Due to the initial skim to select candidate kaon
events described in chapter 4, the kaon TOF mass window seen in ﬁgure 5.2 shows
an enhancement over the other regions, as well as large contributions under the kaon
peak from the neighbouring pion and proton peaks. This issue will be considered
and addressed by the channel identiﬁcation cuts described in section 5.3.
5.1.3 Vertex Cuts
As described in chapter 3, the FROST target contains unpolarised carbon and poly-
thene targets, in addition to the polarised butanol, used for studies of the nuclear
contribution to the butanol data, quantifying the amount of unpolarised material in
the butanol, and verifying previous measurements on unpolarised targets.
The proton is the particle best identiﬁed by CLAS, and its vertex position is
normally used to cut on the target geometry, but for the reactions of interest in this
analysis, the proton originates from a decaying Λ and is not a good indicator of the
true position of an event. This is because its vertex will be displaced by the distance
travelled by the Λ before it decays. The kaon is instead used for target selection as
its vertex position is a more accurate indicator of the origin of an event. The kaon is
also used because the event selection criteria do not require the detection of a pion,
which could be used with the proton to reconstruct the Λ vertex.
Figure 5.3 shows the z-vertex position of the kaon, which will be used to select
events from each of the targets after further particle and channel identiﬁcation cuts,
discussed in the following sections, to improve the separation of the targets, partic-
ularly the butanol and carbon targets, which at this stage are diﬃcult to resolve.
Initially, a loose cut on the region of the entire FROST target is applied, from -2095 Chapter 5. Analysis: Event Selection
to 30 cm, since most of the candidate kaons at this stage are misidentiﬁed pions.
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Figure 5.3: Z vertex distribution for candidate kaon events, showing the rough target
geometry, consisting of the three target materials in the FROST target (from left
to right); butanol, carbon and polythene. Note the poor separation of the butanol
and carbon targets and the large background outwith the target. Subsequent cuts
will act to improve the separation of the targets and reduce background.
5.1.4 Minimum Momentum Cut
At this stage, a cut was made on the minimum momentum of candidate protons,
corresponding to the minimum momentum for detection of particles in CLAS of 300
MeV.
For pions, this minimum detection momentum is 100 MeV, although no cut is
applied as the detected pion is not used in the non-exclusive analysis presented in
this thesis for the K+Λ and K+Σ reactions.
5.1.5 Photon Energy Cut
As discussed in the previous chapter, the calculated values of the photon polarisa-
tion are unreliable beyond the range of peak energy − 200MeV < photon energy <
peak energy+100MeV . For this reason, a cut is performed on the photon energy in
this range surrounding the coherent peak energy.96 Chapter 5. Analysis: Event Selection
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Figure 5.4: Photon energy for the 1.5 GeV coherent peak setting before (left) and
after (right) the photon energy cut.
5.1.6 Photon Selection
In order to determine the time at which an event took place, photons are matched to
the particle vertex times provided by the TOF. First of all, the timing information
provided by the TOF for charged particles is extrapolated backwards to determine
when the event occurred, by subtracting the estimated time of ﬂight of a particle
(its path length to the TOF divided by its velocity) from the time measured at the
TOF. This time is compared with the time provided by the photon tagger; if the
TOF and tagger are well calibrated, these times will be the same.
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Figure 5.5: Proton timing diﬀerence between reverse-extrapolated time-of-ﬂight ver-
tex time and photon time measured by the tagger. The characteristic 2 ns beam
“bucket” structure can be seen.97 Chapter 5. Analysis: Event Selection
Figure 5.5 shows the timing diﬀerence between proton vertex time and the time
measured by the tagger, with the peak centred on zero conﬁrming that the TOF and
tagger times are largely the same. The ﬁgure also shows the characteristic 2 ns beam
bucket structure arising from the manner in which CEBAF delivers beam to the hall
(see chapter 3). Photons in these other beam buckets occur because of miscorrelation
between a detected particle and a random photon. A slight asymmetry can also be
seen in the timing distribution, arising from the dependence of the proton vertex
time on momentum.
For many events, there will be more than one photon recorded by the tagger. To
ﬁnd the photon corresponding to the event, the time diﬀerence between the photon
and vertex times is minimised, to determine the “best” photon. This is done for
both the proton and the kaon.
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Figure 5.6: (left) Proton vertex time after photon selection. (right) Kaon vertex
time after photon selection. The asymmetric structures in these peaks will be dealt
with by the momentum dependent timing cuts described in section 5.1.7.
Both the proton and kaon should have the same best photon, and events where
this is not the case are removed from the analysis. Figure 5.6, shows the timing
diﬀerence for the best photon associated with protons and kaons. The asymmetric
natures of these distributions arise from particle misidentiﬁcation and a momentum
dependence in the timing diﬀerence between TOF and tagger. In the case of the pro-
ton, an additional eﬀect comes from the detected proton originating from a hyperon
decay. The hyperon produced at the target will have time to move before decaying,
meaning that the reverse-extrapolated path of the proton will not originate in the98 Chapter 5. Analysis: Event Selection
target, causing a diﬀerent time to the tagger time to be estimated by the TOF.
5.1.7 Momentum Dependent Timing Cuts
To remove events with poor timing; i.e. those where the timing diﬀerence between
the TOF and tagger for a proton or kaon is signiﬁcantly non-zero, a series of timing
cuts are applied. Because the timing diﬀerence has a slight momentum dependence,
cuts are deﬁned for a series of bins in both proton and kaon momentum.
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Figure 5.7: Timing vs momentum distributions for the proton (left) and kaon (right),
after photon selection and before timing cuts. Several bands corresponding to
misidentiﬁcation of particles as kaons can be seen crossing the central peak of the
kaon distribution, requiring tighter cuts than are applied to the proton.
Three momentum bins were deﬁned for both the proton and kaon. These bins are
slightly diﬀerent for the two particles, due to the diﬀerent reasons for applying cuts to
the timing distributions for each particle, chief amongst these the pion contamination
in kaon events, and the displaced vertex of the proton owing to it originating from
a hyperon decay.
Timing diﬀerence vs momentum for both the proton and kaon are shown in ﬁgure
5.7. The momentum bins were deﬁned by examining projections of momentum slices
of these ﬁgures, ﬁnding regions where the width of the timing peak is similar across
the bin. In the case of the proton, 3σ cuts on the central timing peak are applied in
each momentum bin. Due to the contamination from misidentiﬁcation of particles
as kaons, the cuts for the kaon momentum slices were much narrower, σ on the peak
in each bin.99 Chapter 5. Analysis: Event Selection
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Figure 5.8: Timing vs momentum distributions for proton and kaon after the appli-
cation of momentum-dependent timing cuts.
Although the tighter cuts on the kaon timing peak remove a signiﬁcant number
of events corresponding to misidentiﬁcation of pions as kaons, some of these events
will remain. It can be seen in ﬁgure 5.8 that the misidentiﬁed events form bands
which cross the central timing peak, and no matter how tight the timing cuts, some
events will remain under the peak. The will be removed later, at the stage of channel
identiﬁcation.
5.1.8 ∆β vs Momentum Cut
Another cut applied to remove mis-identiﬁed particles, is on the diﬀerence between
the measured and calculated velocities of a particle, expressed as β; velocity as a
fraction of the speed of light.
The measured value of β arises from time-of-ﬂight measurement and using track-
ing information to determine the path length of a particle, which is recorded in the
CLAS data structure. To calculate β, the measured momentum in CLAS is used in
conjunction with the PDG mass of the particle, assuming correct particle identiﬁ-
cation, as shown in equation 5.1.
βcalc =
p2
p
m2 + p2 (5.1)
Because the measured value of β is taken directly from the data, and the cal-
culated value determined from momentum measurements assuming correct particle100 Chapter 5. Analysis: Event Selection
identiﬁcation, the diﬀerence between the two values of β will be small for correctly
identiﬁed particles.
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Figure 5.9: ∆β vs momentum distributions for the proton (left) and kaon (right).
Figure 5.9 shows the diﬀerence between the measured and calculated values of β,
plotted against momentum. Most events with a signiﬁcant diﬀerence in measured
and calculated β occur at lower momenta. 3σ cuts were applied to the ∆β distribu-
tions, integrated over all momenta, corresponding to ∆βProton = 0.000 ± 0.03, and
∆βKaon = 0.000 ± 0.045.
5.1.9 Fiducial Cut
The design of CLAS, centred upon a toroidal magnetic ﬁeld generated by the six
superconducting coils of the torus magnet (see section 3.6.1), leads to the existence
of low (and zero) acceptance regions on and around the sector boundaries. These
regions are exploited by placing PMTs, lightguides, cabling and electronics, etc for
various detector systems in these regions. The acceptance of these regions is non-
uniform, and hard to model, and a ﬁducial cut is employed to remove hits in these
regions from the analysis. The cut itself is ±5◦ around the sector boundaries, and
its eﬀect is shown in ﬁgure 5.10.
5.1.10 Summary
After the cuts described above, summarised in table 5.1, the particle identiﬁcation
process is considered complete, and candidate events for the reactions of interest101 Chapter 5. Analysis: Event Selection
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Figure 5.10: Distributions of the polar versus azimuthal angles for the proton (left)
and kaon (right), before (top), and after (bottom) ﬁducial cuts. The bands par-
ticularly visible for the kaon distributions at angles around 100◦ come from badly
calibrated TOF scintillators, subsequent cuts will remove these events from the
analysis.
selected. These candidate events are not a deﬁnitive selection of events of interest,
but are designed to reduce background without discarding good events. Subsequent
cuts, described in section 5.3, will identify, and distinguish between, the K+Λ0 and
K+Σ0 reactions.
5.2 Corrections to Data
Although the data has been calibrated as part of the cooking process described in the
previous chapter, some post-cooking corrections are required to correct the particle
four-vectors for eﬀects not accounted for in this process. These include energy loss
in the target and start counter, systematic eﬀects arising from the design of the
photon tagger, and corrections used to ensure accurate reconstruction of particle102 Chapter 5. Analysis: Event Selection
Cut Name Cut Value
Hit Multiplicity Cut 2, 3 or 4 particles in ﬁnal state
TOF Mass (Proton) TOF Mass between 0.49 and 1.44 GeV 2
TOF Mass (Kaon) TOF Mass between 0.1 and 0.49 GeV 2
TOF Mass (π−) TOF Mass between 0.0 and 0.1 GeV 2
Initial Z Vertex Cut -20 to 30 cm
Minimum Momentum Cut 300 MeV (Proton)
Photon Energy Cut
Peak Energy - 200 MeV (Lower)
Peak Energy + 100 MeV (Upper)
Proton Timing Cut
± 2.03 ns (0.0 GeV < Proton Momentum < 0.7 GeV)
± 1.02 ns (0.7 GeV < Proton Momentum < 1.1 GeV)
± 0.89 ns (Proton Momentum > 1.1 GeV)
Kaon Timing Cut
± 0.96 ns (0.0 GeV < Kaon Momentum < 0.7 GeV)
± 0.7 ns (0.7 GeV < Kaon Momentum < 1.3 GeV)
± 0.49 ns (Kaon Momentum > 1.3 GeV)
∆β Cut
0.000 ±0.030 (Proton)
0.000 ±0.045 (Kaon)
Fiducial Cut ±5◦ around sector boundaries
Table 5.1: Summary of particle identiﬁcation cuts
four-vectors from tracks in the CLAS drift chambers.
5.2.1 Energy Loss Corrections
The measured momentum of charged particles from the drift chambers will be less
than the initial momentum gained by the particle at the point of production. Before
entering the drift chambers, the particle must ﬁrst pass through the target material,
the target wall and support structures, the beam pipe, the start counter, and the air
gap immediately inside the region one drift chamber. The particle will lose energy
as it passes through these materials, and this will reduce the value of momentum
determined from the drift chamber tracks.
To account for this loss of energy, the ELOSS software package [80] is used, which
corrects for this lost momentum by ﬁnding the pathlength of a particle through each
of the intervening materials between production of the particle and it entering the
drift chambers. From this, the momentum of the particle at its point of production
is determined and the particle four-vector corrected.103 Chapter 5. Analysis: Event Selection
Figure 5.11: Proton momentum distribution before (left) and after (right) the ap-
plication of energy loss corrections using the ELOSS package.
5.3 Channel Identiﬁcation
Once particle identiﬁcation has been completed and potential K+Λ0 and K+Σ0
events have been selected, further analysis is required to conﬁrm these events are
from the channels of interest and remove remaining background events, as well as
separate the two reaction channels. These steps are described below.
5.3.1 Kaon Mis-Identiﬁcation
One of the most common problems leading to erroneous channel identiﬁcation is the
mis-identiﬁcation of pions in CLAS as kaons. This eﬀect is due to the limitations
imposed on particle identiﬁcation from time of ﬂight by the timing resolution of
CLAS, and is demonstrated in ﬁgure 5.2, where the TOF mass region selected to
identify kaons contains signiﬁicant contamination from both pions (the peak at the
left edge of the window) and protons (the right hand edge).
The momentum-dependent proton and kaon timing cuts employed at the parti-
cle identiﬁcation stage of the analysis (see section 5.1.7) remove most of the pion
background for kaon detection, but some mis-identiﬁed events remain under the
kaon timing peak. Figure 5.12 shows the TOF mass selection window for kaons
(positive charged particles with mass between 0.1 and 0.49 GeV2), before and after
the application of the timing cuts.
As can be seen in the ﬁgure, the proton and pion backgrounds are greatly reduced104 Chapter 5. Analysis: Event Selection
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Figure 5.12: Time-of-ﬂight mass of kaons before (left) and after (right) momentum
dependent timing cuts.
by the timing cuts, although some noticable pion contamination remains, which will
be reduced further by the cuts made to the data in the following sections. These
cuts are on the mass of the pion, reconstructed from the proton and kaon via the
missing mass technique, where the proton and kaon 4-vectors are subtracted from
the sum of the 4-vectors of the beam photon and target proton. Cuts are also applied
to the z-vertex on the individual target materials in the FROST target assembly,
and further channel identiﬁcation cuts are made on the kaon missing mass and the
invariant mass of the proton and reconstructed pion.
5.3.2 Pion Reconstruction
Due to the non-exclusive particle identiﬁcation scheme employed, only the detection
of a proton and kaon in the ﬁnal state are required, with the possibility of detecting
the pion from the Λ decay and the ﬁnal state photon and pion for K+Σ events
retained as an option only. As ﬁgure 5.1 shows, a large number of potential events
have only two detected particles in the ﬁnal state, due to the low acceptance of
photons and the positive torus ﬁeld setting acting to reduce the acceptance of the
negatively charged pion by bending negatively charged particles into the beamline
hole of CLAS.
In order to identify events that produced a Λ or Σ hyperon, the pion is recon-
structed via the missing mass of the detected proton and kaon. This is done for all
events, regardless of whether or not the pion (and/or photon) was detected. For105 Chapter 5. Analysis: Event Selection
events where a Λ or Σ hyperon was produced, the missing mass will correspond
to that of the undetected pion (0.0185 GeV2), or the undetected pion and photon
combination.
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Figure 5.13: Squared missing mass of detected proton and kaon events. A peak
corresponding to the pion missing mass is clearly visible at 0.0185 GeV2. This sits
on top of a less clear peak corresponding to K+Σ events. The peak at 0.240 GeV2
corresponds to a K− from γp → φp → K+K−p events.
The missing mass distribution for detected protons and kaons is shown in ﬁgure
5.13. The distribution shows a clear peak corresponding to the pion missing mass,
sitting on top of a less clear peak at a slightly higher missing mass, which corresponds
to K+Σ events. Also visible is a peak corresponding to a missing K−, from γp →
φp → K+K−p events. At this stage a cut is applied on the proton-kaon missing
mass squared from -0.2 GeV2 to 0.3 GeV2. This is a fairly loose cut, which still
allows the K− events to survive, but subsequent cuts will remove these and other
background events which remain after this cut.
5.3.3 Target Selection
At this stage, the events are separated according to which material in the FROST
target they originated in. As discussed in section 5.1.3, and chapter 3, the FROST
target contains three target materials; polarised butanol, and unpolarised carbon106 Chapter 5. Analysis: Event Selection
and polythene.
As explained in section 5.1.3, the detected proton originates from the decay of the
hyperon, as does the pion, which is not always detected, and the z vertex information
from these particles is not suitable for target separation (see ﬁgure 5.14). For this
reason, the kaon z vertex is used for target selection as the only detected particle
originating in the target.
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Figure 5.14: Proton z vertex showing the three target materials in the FROST target.
Even after the particle identiﬁcation cuts it is diﬃcult to separate the carbon and
polythene targets.
Butanol events are selected by a kaon z-vertex cut from -3 to 3 cm, carbon events
with a cut from 5 to 7 cm, and polythene events with a cut from 15 to 17 cm. These
are indicated on ﬁgure 5.15, which shows the z-vertex distribution after all cuts
described to this point.
The separation of the butanol and carbon targets is not particularly good at
this point, as several sources of background remain. Following the selection of the
reaction channels, described in the next section, these background processes are
greatly reduced and the target selection cuts are re-examined following channel
selection in section 5.3.5.107 Chapter 5. Analysis: Event Selection
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Figure 5.15: Kaon Z vertex distribution for target election. Unlike the proton, the
detected kaon originates in the target material, making its z-vertex more reliable for
the selection of events from each target material in FROST. The target selection
cuts employed in the analysis are indicated by the red lines.
5.3.4 Hyperon Selection
At this stage, the K+Λ0 and K+Σ0 reactions are identiﬁed. This is achieved by
two cuts; the ﬁrst a cut on the invariant mass of the proton and reconstructed π−,
and the second on the Kaon missing mass. These two quantities are shown in a
two-dimensional plot in ﬁgure 5.16.
Because the pion is not always detected in this analysis, its 4-vector is recon-
structed by subtracting the the detected proton and kaon 4-vectors from the sum of
the photon and target 4-vectors. The resulting 4-vector is assigned the PDG mass
of the π−, which assumes correct particle identiﬁcation.
A cut to remove events where the invariant mass of the proton and reconstructed
pion is not consistent with a decaying hyperon is performed, from 1.0 to 1.2 GeV in
Invariant Mass (pπ−). This will remove many of the events where misidentiﬁcation
of particles has occurred.
Next, the hyperon channel is selected by a cut on the missing mass of the Kaon.
K+Λ events are identiﬁed as having a kaon missing mass between 1.0 and 1.15
GeV, and K+Σ events having a kaon missing mass between 1.15 and 1.25 GeV.108 Chapter 5. Analysis: Event Selection
These values for the hyperon selection cuts are preliminary, with the ﬁnal channel
selection cuts decided after consideration of the background in the Kaon missing
mass, which can be seen in ﬁgure 5.17, and of which the carbon in the butanol and
polythene targets forms a signiﬁcant source. This will be done in the next chapter.
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Figure 5.16: Kaon missing mass vs proton-pion invariant mass for the butanol target.
Two clear peaks are visible corresponding to Λ and Σ0 events.
5.3.5 Final Target Selection
As discussed in section 5.1.3, a plot of the Kaon z-vertex is able to identify the three
target materials, and preliminary selection of these targets is described in section
5.3.3.
Now that the reaction channels have been identiﬁed, the kaon z-vertex is re-
examined to verify these target selection cuts. It is important that the events are
separated by the target they originated in, as events from the carbon target are
used in the calculation of scaling factors and the dilution of measured observables
on the polythene and butanol targets. If the targets are not adequately separated in
the analysis, the events will be contaminated by those from other target materials
and the calculated scaling factors, and resulting dilution of observables, will be109 Chapter 5. Analysis: Event Selection
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Figure 5.17: Kaon missing mass spectrum for the butanol target in FROST, showing
the Λ and Σ0 peaks. These peaks sit on a signiﬁcant background, arising primarily
from the carbon nuclei in the butanol.
unreliable.
Following the channel identiﬁcation cuts described in the previous section, re-
moving events not corresponding to reactions of interest, the target separation has
been greatly improved and the butanol and carbon targets are now much easier
to resolve. The kaon z vertex for K+Λ channel selection is shown in ﬁgure 5.18,
verifying the target selection cuts employed in section 5.3.3.
5.3.6 Summary
The additional cuts applied to identify the γp → K+Λ and γp → K+Σ0 reactions
from the candidate events selected by the previously described particle identiﬁcation
cuts are summarised in table 5.2.
In the next chapter, the methods used to measure polarisation observables using
these extracted K+Λ and K+Σ0 events will be described, as will the techniques
employed to identify and account for the nuclear and molecular properties of the
target materials used.110 Chapter 5. Analysis: Event Selection
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Figure 5.18: Kaon z vertex for ﬁnal K+Λ selection. Events corresponding to the
carbon and butanol targets can easily be separated by the target selection cuts
employed.
Cut Name Cut Value
Proton-Kaon Missing Mass Cut -0.2 to 0.3 GeV2
Final Target Selection Cuts
-3 to 3 cm (Butanol)
5 to 7 cm (Carbon)
15 to 17 cm (Polythene)
Invariant mass (Proton + Reconstructed Pion) Cut 1.0 to 1.2 GeV2
Hyperon Selection Cuts (MMPK)
1.0 to 1.15 GeV (Λ)
1.15 to 1.25 GeV (Σ)
Table 5.2: Summary of channel identiﬁcation cutsChapter 6
Extraction of Polarisation
Observables
In this chapter, the methods by which the Σ and G polarisation observables were
extracted for the reactions of interest will be discussed, along with the techniques
employed to account for eﬀects of the nuclear and molecular properties of the target
materials in FROST.
Aside from accounting for these target eﬀects, the Σ extraction is relatively
straightforward, having been carried out on several reaction channels in previous
analyses of CLAS data [39,41,42,81]. For the G observable, techniques have been
developed based on the methods used for the extraction of Σ, extending it to the
beam-target double polarisation observables.
6.1 Overview
Now the reactions have been identiﬁed and reconstructed from their ﬁnal state
particles in CLAS, the extraction of polarisation observables can take place. This
analysis is concerned with the measurement of two observables for two reaction
channels; the Σ and G polarisation observables for the reactions γp → K+Λ0 and
γp → K+Σ0.
As discussed in chapter 2, several measurements of the Σ observable for these
channels have been made in previous experiments at several experimental facilities
111112 Chapter 6. Extraction of Polarisation Observables
[39,43,47], and its measurement in this work serves as a cross-check of the previous
data and model predictions. By repeating these previous measurements, carried out
on simpler targets, it is intended to show that the methods employed to account for
the more complicated nature of the FROST target are suitable, and can be applied
to measurements of the G observable.
This will be achieved by ﬁrst demonstrating that a Σ measurement on the proton
is possible with data from an unpolarised hydrocarbon target (the polythene built
into the FROST target assembly), where there is no chance of interference in the
measurement from beam-target polarisation observables. The Σ observable will then
be measured for the polarised butanol data, to show that such a measurement is
unaﬀected by the presence of target polarisation and that proper account can be
taken of the presence of bound nucleons in the target material when measuring G.
6.2 Bin Selection
The choice of bin widths for each kinematic variable used for the measurement of the
Σ and G polarisation observables was made by balancing the desire to maximise the
information extracted as a function of the variables, W and θK+
CM, with the limitations
imposed by the amount of available data. The two kinematic variables are shown
plotted against each other for the butanol data in ﬁgure 6.1.
These considerations are further complicated by the nature of the photon beam,
which was produced at nine discrete coherent peak energy settings, seven of which
were at energies suitable for hyperon production. Photon polarisation and lumi-
nosity decrease away from the coherent edge energy, an eﬀect which is reduced by
the photon beam energy cut discussed in section 5.1.5 of chapter 5. The resulting
photon energy distribution, which directly correlates to W, has several peaks, each
corresponding to a coherent peak setting in photon energy. It was decided to select
W bins which roughly correspond to these coherent peak settings, around 200 MeV
wide in photon energy, centred on the coherent peak.
For θK+
CM, four bins of variable width, spanning the full angular range of θK+
CM
(cos(θK+
CM) = ±1) were chosen, such that each bin contains a roughly equal number113 Chapter 6. Extraction of Polarisation Observables
Figure 6.1: Centre of mass energy, W, versus cos(θK+
cm ) for K+Λ events originating
from the butanol target. The kinematic bins used in the analysis are indicated by
the black lines, with the W range studied bounded by the red lines.
of events. These widths remain ﬁxed for all W bins for simplicity, even though this
will cause some disparity in the number of events in the bins at the upper and lower
energies. This is mitigated somewhat by the fact that requiring the bins to contain
an equal number of events would cause the bin centres to change.
6.3 Carbon Scaling Factors
In order to make a measurement of the Σ observable from the hydrogen present
in the polythene and butanol targets in FROST, consideration must be taken of
the non-hydrogen contribution to any measurement of the Σ observable. This non-
hydrogen background is also important in the resolution of the Λ and Σ hyperons
from kaon missing mass, in order to verify the channel selection cuts on the kaon
missing mass discussed in the previous chapter.
Because the butanol is not a 100% polarised hydrogen target, the amount of
unpolarised material in the butanol target must be estimated when measuring the
G observable, in order to account for the dilution eﬀect this will have on the values
of G extracted.
Key to all these considerations is the Carbon Scaling Factor (CSF), the amount114 Chapter 6. Extraction of Polarisation Observables
by which data from the carbon target should be scaled such it can be used to
characterise the amount of carbon present in the polythene and butanol targets.
These scaling factors will be used when extracting observables, as discussed in section
6.5.
Two methods have been developed to estimate CSFs; a direct scaling method,
where the kaon missing mass for the polythene or butanol is divided by that for
the carbon, and phase space dependent scaling, which relies on selection of events
that can only come from bound nucleons (i.e. those from carbon or oxygen in the
targets).
These methods assume that all bound nucleon events from the targets manifest
in a similar manner to carbon. For polythene, which consists only of hydrogen and
carbon, this assumption is not necessary, but butanol is complicated by the presence
of an oxygen atom. Like carbon, the oxygen atom in butanol has spin zero (and is
unpolarisable), and has equal numbers of protons and neutrons. For these reasons,
and the previous manner bound nuclei from diﬀerent atoms have been handled in
analyses of similar target materials at JLab [82], the bound nucleons in oxygen are
assumed to have identical eﬀects to the carbon, and will be characterised as part of
the determination of carbon scaling factors.
6.3.1 Direct Scaling
The direct scaling method deﬁnes a Carbon Scaling Factor from the ratio of events
on the hydrogen-containing targets (polythene and butanol) to those on the pure
carbon target. The additional momentum provided by Fermi motion in the bound
nucleons present in the polythene and butanol targets means that when compared
to the free proton, more background events are found in the mass and missing mass
spectra of interest. By examining the ratio of events between a hydrogen-containing
target and a pure carbon target, the fraction of bound nucleons present in these
materials can be characterised.
For the Kaon channels in g9a, the kaon missing mass spectra are used to deﬁne
carbon scaling factors. Figures 6.2 to 6.4 show the kaon missing mass spectra for
the butanol, polythene and carbon targets. Peaks corresponding to the Λ and Σ115 Chapter 6. Extraction of Polarisation Observables
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Figure 6.2: Kaon missing mass spectrum for the butanol target in FROST. Peaks
corresponding to Λ and Σ hyperons can be seen on top of a large background arising
from bound nucleons in the butanol.
]
2  [GeV/c
+ Missing Mass K
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
C
o
u
n
t
s
0
200
400
600
800
1000
1200
1400
1600
Figure 6.3: Kaon missing mass spectrum for the polythene target in FROST. Peaks
corresponding to Λ and Σ hyperons can be seen on top of a large background arising
from bound nucleons in the target.116 Chapter 6. Extraction of Polarisation Observables
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Figure 6.4: Kaon missing mass spectrum for the carbon target in FROST. This
target has larger bound nucleon background underneath the hyperon peaks than for
the polythene or butanol targets due to the absence of molecular hydrogen in the
target.
hyperons are visible on all three plots at the appropriate masses, with varying degrees
of background due to bound nucleon events. The carbon data, consisting solely of
bound nucleons, has the largest amount of such background.
To deﬁne carbon scaling factors, the missing mass spectrum for the Kaon on the
target of interest was divided by the corresponding spectrum for carbon, and the
result of this on the butanol target is shown in ﬁgure 6.5.
As ﬁgure 6.5 shows, the butanol to carbon ratio still has two peaks corresponding
to the Λ and Σ hyperons, and a relatively ﬂat distribution at lower kaon missing
mass. The carbon scaling factors are deﬁned for each energy bin for both the
polythene and butanol targets by measuring the ratio of hydrogen-containing target
to carbon data for kaon missing mass below 1.0 GeV, in order to avoid contamination
from the hyperon peaks. The resulting polythene and butanol scaling factors are
shown in table 6.1.
The carbon scaling factors deﬁned by this method will be used for veriﬁcation of
the hyperon selection cuts in kaon missing mass, by subtracting a scaled carbon spec-
trum from the butanol in order to approximate the proton spectrum. These scaling
factors will also be used when accounting for dilution of the hydrogen-containing117 Chapter 6. Extraction of Polarisation Observables
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Figure 6.5: Kaon missing mass spectrum for butanol divided by carbon. A carbon
scaling factor is deﬁned from the ratio of these spectra below the hyperon peaks.
W Range (GeV) Scaling Factor (butanol) Scaling Factor (polythene)
1.66 - 1.77 5.31±0.22 0.78±0.04
1.77 - 1.87 5.71±0.25 0.70±0.05
1.87 - 1.97 5.00±0.23 0.75±0.05
1.97 - 2.06 5.64±0.19 0.75±0.04
2.06 - 2.15 5.84±0.25 0.79±0.05
2.15 - 2.24 6.20±0.26 0.73±0.05
2.24 - 2.32 5.31±0.28 0.77±0.08
Table 6.1: Carbon scaling factors for butanol and polythene, determined by the
direct scaling method.
targets on the values extracted from the data for the polarisation observables of
interest. The use of carbon scaling factors for these aspects of the analysis will be
discussed in sections 6.4 and 6.5.
6.3.2 Phase Space Dependent Scaling
The phase space dependent scaling method [83], developed by Arizona State Uni-
versity, is an alternative means of determining the scaling factor for carbon. Like
the direct scaling method, phase space dependent scaling exploits the diﬀerences
between free proton and bound nucleon events caused by the additional momentum
provided by fermi motion in the bound nucleus.118 Chapter 6. Extraction of Polarisation Observables
Phase space scaling relies upon the fact that for a free proton, there are forbidden
kinematical regions due to energy and momentum conservation laws, and involves
examining these kinematic regions forbidden to the free proton, but accessible from
the bound nucleon.
Overlapping regions of phase space for free and bound nucleon reactions are
identiﬁed and the polythene and butanol target data are divided by the carbon
data for the bound nucleon regions for a series of phase space bins, allowing the
determination of a phase space dependent scaling factor.
This technique was developed for pion channels, and its application to the
strangeness channels is described here. For the pion channels, the phase space
scaling method uses the recoil proton, detected in the ﬁnal state (γp → pX). How-
ever, the ﬁnal state proton for the kaon channels originated from a decaying Λ, and
therefore has a displaced vertex. The associated diﬃculties in resolving and sepa-
rating the target materials in FROST using particles with displaced vertices means
the proton is not suitable for identifying phase space regions associated with bound
nucleons for these channels. The hyperon is instead used as an analogous particle
for the kaon channels, γp → Y X, where ‘Y’ denotes a hyperon. The hyperon is
not directly detected, instead it is reconstructed from the detected proton and pion
4-vectors, and the reaction used is actually γp → pπ−X.
Because the hyperon is exclusively identiﬁed from its decay products, a more
relaxed particle and channel identiﬁcation scheme can be used than was described
in the previous chapter. The proton-kaon missing mass cut (see section 5.3.2) is not
applied, as the pion is explicitly detected here, neither is the kaon missing mass cut
used to identify the KΛ and KΣ reactions described in section 5.3.4. These relaxed
cuts also maximise the number of events available for the determination of scaling
factors from the limited hyperon events in the g9a data for which three ﬁnal state
particles were detected.
The squared missing mass of the reconstructed hyperon is examined for the
butanol target, and is divided into two regions; “low” missing mass where events
are from bound nucleons only, and “high” missing mass where both free and bound
nucleon events occur. In order to deﬁne where the exclusively bound nucleon events119 Chapter 6. Extraction of Polarisation Observables
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Figure 6.6: Squared missing mass distribution of reconstructed hyperon events for
butanol (left) and hydrogen (right), where g8b data has been used for its hydrogen
target. For ease of comparison, the scale on the hydrogen plot has been adjusted to
match that for the butanol, weighted for the number of events in each plot.
are in hyperon missing mass and deﬁne the low and high missing mass regions, free
proton data from the g8b experimental run [39,84] was subjected to the same relaxed
particle and channel identiﬁcation scheme, with some cuts adjusted to suit the g8b
run conditions (such as the z-vertex cuts). The high missing mass region containing a
mixture of free and bound nucleon events was deﬁned as having missing mass greater
than -0.2 GeV, and the exclusively bound nucleon region as having missing mass
less than -0.35 GeV, the point where the number of events on the liquid hydrogen
data begins to increase signiﬁcantly from zero.
The hyperon momentum phase space of these two regions in missing mass is then
examined (see ﬁgure 6.7). These regions do not overlap well, requiring a diﬀerent
topology to be used to identify bound nucleon events.
The alternative topology γp → K+Y X was used (actually γp → K+pπ−X as
the hyperon must be reconstructed), requiring the detection of proton, kaon and
pion to reconstruct the hyperon, and the same low missing mass squared cut is used
to deﬁne the bound nucleon events.
The phase space for bound nucleons in γp → K+pπ−X better matches that of
the free-and-bound nucleon phase space of the hyperon (see ﬁgure 6.8) and is used to
determine scaling factors by taking the ratio of butanol to carbon events for a series
of phase space bins in the bound nucleon missing mass region of γp → K+pπ−X.120 Chapter 6. Extraction of Polarisation Observables
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Figure 6.7: Phase space regions of reconstructed hyperon events (γp → Y X) for
the high (left) and low (right) missing mass regions. The low missing mass region
contains bound nucleon events only. These regions of phase space do not overlap
well, requiring an alternative topology to be used to deﬁne a bound nucleon phase
space region from which to determine scaling factors.
Hyperon Momentum (GeV) Scaling Factor
0.0 - 0.4 2.30±0.46
0.4 - 0.8 3.89±0.53
0.8 - 1.2 4.48±0.61
≥ 1.2 2.19±0.57
Table 6.2: Carbon scaling factors for butanol on KΛ, determined by the phase space
scaling method.
Because of the limited data available for determining phase space scaling factors
for the strangeness channels, the values obtained are subject to larger statistical
errors on the butanol target than for direct scaling, and it was not possible to
obtain polythene scaling factors. For these reasons, the direct scaling method was
used in the analysis when accounting for the presence of carbon in the polythene
and butanol targets, although a brief comparison of the two methods will be made
on the butanol data in the next section.
6.4 Final Hyperon Selection
Now that the amount of carbon present in the polythene and butanol targets can
be determined from the carbon scaling factors, the bound nucleon background in
the kaon missing mass, used to identify hyperons, can be accounted for and the cuts121 Chapter 6. Extraction of Polarisation Observables
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Figure 6.8: Phase space regions of reconstructed hyperon events for the high missing
mass region of γp → Y X (left) and the low missing mass region of γp → K+Y X
(right). The low missing mass region contains bound nucleon events only. These
regions of phase space overlap better than those in ﬁgure 6.7, allowing scaling factors
to be determined by dividing the bound nucleon phase space for butanol by carbon.
used to select the K+Λ and K+Σ channels ﬁrst described in section 5.3.4 can be
veriﬁed.
This is achieved by ﬁrst multiplying the kaon missing mass plot for carbon by the
scaling factor for the target of interest, and subtracting it from the corresponding
plot for the target of interest. The results of this process are shown in ﬁgure 6.9 for
the polythene data and ﬁgure 6.10 for butanol.
After this subtraction has been carried out, and the large backgrounds due to
bound nucleon eﬀects removed, the Λ and Σ hyperons are easily resolvable. To
deﬁne the ﬁnal hyperon selection cuts, Gaussian ﬁts are performed on the Λ and Σ
peaks, and the cuts deﬁned as the mass range within 2σ of each peak. Although a
3σ cut would be preferred, the range around each hyperon would have a signiﬁcant
overlap in the mass range between them, so a narrower cut is used where this overlap
is smaller. The ﬁnal hyperon selection cuts are shown in table 6.3.
Hyperon Channel Selection Cut in Kaon Missing Mass (GeV)
γp → K+Λ 1.068 - 1.152
γp → K+Σ 1.152 - 1.232
Table 6.3: Final hyperon selection cuts on kaon missing mass, after subtraction of
appropriately scaled carbon data.122 Chapter 6. Extraction of Polarisation Observables
Figure 6.9: Kaon missing mass on polythene after subtraction of scaled carbon.
The bound nucleon background has been removed, and the hyperons can be easily
separated.
6.4.1 Comparison of Carbon Scaling Techniques
As a cross check of the validity of the direct scaling method for characterising the
amount of carbon present in the polythene and butanol targets, the same carbon
subtraction procedure was performed using the phase space scaling factors.
Figure 6.12 shows the result of the phase space based carbon subtraction on
butanol data, showing signiﬁcant background events remaining. Although similar
mass ranges can be deﬁned via Gaussian ﬁts to the hyperon peaks, the remaining
background makes these ranges, and separation of the hyperons, less reliable.
6.5 Extracting Observables
For the g9a experiment, the FROST target contained both unpolarised and lon-
gitudinally polarised target materials from which polarisation observables can be
extracted. The unpolarised polythene target has been built into FROST with the
intention of demonstrating that polarisation observables can be measured on molec-
ular protons in a target, and that such a measurement is consistent with that on
the free proton.123 Chapter 6. Extraction of Polarisation Observables
Figure 6.10: Kaon missing mass on butanol after subtraction of scaled carbon.
The bound nucleon background has been removed, and the hyperons can be easily
separated.
Figure 6.11: Kaon missing mass on butanol after carbon subtraction, showing the
ﬁnal hyperon selection cuts.124 Chapter 6. Extraction of Polarisation Observables
Figure 6.12: Kaon missing mass on butanol after subtraction of scaled carbon using
the phase space based scaling factors. Not all of the bound nucleon background has
been removed, and the separation of the hyperons is more diﬃcult.
The beam polarisation observable, Σ was chosen for this veriﬁcation, due to the
wealth of experimental data available for comparison, and the straightforward, well
understood method for making such a measurement from asymmetries of data for
the two states of linear beam polarisation. As a result of the non-Hydrogen compo-
nents of the target, and the contribution of bound nucleon events to the measured
observables, the values of polarisation observables measured from asymmetries are
diluted. This dilution eﬀect is characterised through the use of carbon scaling factors
and asymmetry measurements on the carbon target.
Because polythene and carbon are unpolarised, the possibility of any potential
systematic eﬀects due to target polarisation is excluded. The same principles can
then be applied to the polarised butanol data in order to measure the Σ and G
observables. Bound nucleon events will not contribute to the G observable as the
carbon in butanol is unpolarisable, making the dilution eﬀect much simpler to cal-
culate for G.125 Chapter 6. Extraction of Polarisation Observables
6.5.1 Observable Extraction from Beam Asymmetries
As discussed in chapter 1, for the situation of a linearly polarised photon beam
incident on a longitudinally polarised target, the overall diﬀerential cross section
can be expressed in terms of the Σ and G polarisation observables;
dσ
dΩ
= σ0{1 − PlinΣcos(2φ) + Pz(PlinGsin(2φ))} (6.1)
Where Plin denotes the degree of polarisation of the photon beam, and Pz denotes
the degree of polarisation of the target. Additionally, for the unpolarised carbon and
polythene targets in FROST, Pz = 0 and equation 6.1 reduces to;
dσ
dΩ
= σ0{1 − PlinΣcos(2φ)} (6.2)
As there are two orthogonal polarisation settings for the linearly polarised pho-
ton beam (PARA and PERP), observables can be extracted from the asymmetry of
the distributions of kaon azimuthal angle (φ) for the two states. This method has
the advantage of cancelling out acceptance eﬀects in the detector system, removing
the need to perform detailed acceptance calculations, which could result in the in-
troduction of large systematic uncertainties in the extraction of observables. The
asymmetry is equated with the reduced cross-section expression to extract observ-
ables. In the simple case of an unpolarised target;
A(φ) =
N(PARA) − N(PERP)
N(PARA) + N(PERP)
= PlinΣcos(2φ) (6.3)
By applying a ﬁt of the form of equation 6.3, the Σ observable can be extracted
on unpolarised target data for each kinematic bin. This method of Σ extraction is
well understood and has been used in many previous analyses [39,41,42,81].
This picture is slightly complicated by the PARA and PERP data sets not having
the same number of events or mean value of polarisation. To deal with this, the two
sets of data are scaled, modifying the asymmetry expression as follows;
A(φ) =
N(PARA) − N(PERP)
N(PARA) + N(PERP)
=
2P  P ⊥
P   + P ⊥Σcos(2φ) (6.4)126 Chapter 6. Extraction of Polarisation Observables
Where P   and P ⊥ are the mean polarisations of the PARA and PERP data,
respectively.
Figure 6.13 shows a sample asymmetry, constructed from PARA and PERP data
from the unpolarised polythene target. A ﬁt of the form of equation 6.3 is performed
on the resulting distribution, and the parameter extracted is a measurement of
PgammaΣ for polythene.
Figure 6.13: A sample PARA/PERP asymmetry, constructed from FROST poly-
thene data at the 1.5 GeV photon energy setting. A cos(2φ) ﬁt is performed on the
asymmetry distribution to extract the Σ observable.
For a longitudinally polarised target, the same principle can be applied, how-
ever, the ﬁt function must take account of the eﬀect of the G observable, which is127 Chapter 6. Extraction of Polarisation Observables
associated with the sin(2φ) term in equation 6.1.
A(φ) =
N(PARA) − N(PERP)
N(PARA) + N(PERP)
= PlinΣcos(2φ) + Pz(PlinGsin(2φ)) (6.5)
As there are two polarisation settings for the target, this method will yield two
asymmetry distributions per kinematic bin, one for each polarisation state of the
target. The eﬀect of the G observable can be seen as a phase shift between the
asymmetries for each state of target polarisation, shown in ﬁgure 6.14. Again, the
data must be scaled to account for the diﬀerences in photon polarisation and number
of events between PARA and PERP.
Figure 6.14: Sample PARA/PERP asymmetries for positive (top) and negative
(bottom) polarised butanol data. A cos(2φ) + sin(2φ) ﬁt has been performed on the
asymmetries and a phase shift due to the presence of the ‘G’ observable (associated
with the sin(2φ) term) can be seen between the two states of target polarisation.128 Chapter 6. Extraction of Polarisation Observables
Measurements of PγΣ can be extracted from each asymmetry, from the param-
eter associated with the cos(2φ) term of the ﬁt. These can be combined into one
measurement either by producing a weighted mean of the measurement in each tar-
get state, or by summing the kaon φ distributions for PARA and PERP over the two
states of target polarisation, appropriately scaled to account for diﬀerences in target
polarisation between the target polarisation states. This has the eﬀect of cancelling
the G term, as shown in equations 6.6 and 6.7, allowing Σ to be extracted as it
would be for an unpolarised target. These methods of extracting Σ on polarised
target data are demonstrated in section 6.5.6.
N(PARA,+z) = 1 + PlinΣcos(2φ) − Pz(PlinGsin(2φ))
N(PARA,−z) = 1 + PlinΣcos(2φ) + Pz(PlinGsin(2φ))
N(PARA,sum) = 1 + PlinΣcos(2φ) (6.6)
N(PERP,+z) = 1 − PlinΣcos(2φ) + Pz(PlinGsin(2φ))
N(PERP,−z) = 1 − PlinΣcos(2φ) − Pz(PlinGsin(2φ))
N(PERP,sum) = 1 − PlinΣcos(2φ) (6.7)
The G observable can also be extracted from each asymmetry distribution using
the ﬁt deﬁned by equation 6.5. This extension of the asymmetry technique used for
measuring Σ makes the assumption that detector acceptance is unaﬀected between
target polarisation states.
This leaves the problem of having two measurements of G for each kinematic
bin, and the issue of measuring G, a beam target observable, on an asymmetry of
beam states only. To extract G from a single measurement, a double asymmetry
technique was developed, and is discussed below.129 Chapter 6. Extraction of Polarisation Observables
6.5.2 The Double Asymmetry Technique
The FROST data has four combinations of polarisation states of beam and target,
as opposed to just two beam polarisation states for analyses on an unpolarised tar-
get. Their associated kaon φ angle distributions are described by equations 6.8.
Considering that G is a double polarisation observable of beam and target polarisa-
tions, it was decided to attempt to combine all the polarisation combinations into
a single measurement of G, by extending the asymmetry technique to reﬂect the
beam-target nature of the G observable.
N(PARA,+z) = 1 + PlinΣcos(2φ) − Pz(PlinGsin(2φ))
N(PARA,−z) = 1 + PlinΣcos(2φ) + Pz(PlinGsin(2φ))
N(PERP,+z) = 1 − PlinΣcos(2φ) + Pz(PlinGsin(2φ))
N(PERP,−z) = 1 − PlinΣcos(2φ) − Pz(PlinGsin(2φ)) (6.8)
A ﬁtting technique to a two dimensional distribution of kaon azimuthal angle
versus target polarisation was ﬁrst considered, but quickly rejected due to a lack of
bins in target polarisation from the slowly decaying and regularly repolarised target
(target polarisations in each direction only vary between 75 and 85%).
A simpler method, measuring G from an asymmetry of kaon azimuthal angle
distributions for the two target polarisation states, was also rejected as the cancella-
tion of acceptance from an asymmetry of beam states would be lost, and the issue of
having two asymmetries per kinematic bin, this time one for each beam polarisation
state, would remain.
This need to retain the acceptance cancellation from an asymmetry of beam
polarisation states, as well as the possible eﬀects of target polarisation direction on
acceptance, and the desire to use all the data in a single measurement, has led to
the development of a double asymmetry technique for the extraction of G.
The double asymmetry constructs the asymmetry of beam polarisation states for
each state of target polarisation, then takes an asymmetry of these two asymmetry
distributions. For the positive target polarisation setting, the asymmetry ﬁt function130 Chapter 6. Extraction of Polarisation Observables
has the following form (compare with equation 6.5);
A(φ,+z) = PlinΣcos(2φ) + Pz(PlinGsin(2φ)) (6.9)
And for the negative target polarisation setting;
A(φ,−z) = PlinΣcos(2φ) − Pz(PlinGsin(2φ)) (6.10)
The double asymmetry is constructed as follows;
A(φ) =
A(φ,+z) − A(φ,−z)
A(φ,+z) + A(φ,−z)
(6.11)
where A(φ,±z) are the PARA/PERP asymmetries for each state of target po-
larisation. For the simple case where the polarisations of the beam and the target
do not change with polarisation mode, equation 6.11 can be described by a tan(2φ)
function;
A(φ) =
2PγPzGsin(2φ)
2PγΣcos(2φ)
=
PzG
Σ
tan(2φ) (6.12)
To test the feasibility of extracting polarisation observables from such a double
asymmetry, a phase space event generator [85] was used to produce high statistics
sample data with known values of the Σ and G observables, and identical values of
the beam and target polarisations for each of the four combinations of polarisation
states. A double asymmetry was constructed and a ﬁt function of the form of
equation 6.12 used to extract the two observables.
Figure 6.15 shows the result of a simple test for 40 million events (10 million
for each combination of polarisation states), where Σ = 0.5, G = 0.8, and beam
and target polarisations are 100%. The ﬁt function is able to extract these deﬁned
values with negligible errors and with no constraints on any of the variables.
The g9a data for the kaon channels is far from the simple situation described
above. A limited number of hyperon events are available, with mean polarisations
that vary between the combinations of beam and target polarisation states. These
eﬀects and others, such as the presence of bound nucleon events, act to make the131 Chapter 6. Extraction of Polarisation Observables
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Figure 6.15: Construction of a double asymmetry from sample beam asymmetries
for the positive (top left) and negative (top right) states of target polarisation from
simulated data. No constraints were required on the double asymmetry ﬁt to extract
the simulated values of the Σ and G observables.132 Chapter 6. Extraction of Polarisation Observables
description of the resulting double asymmetry as a tan(2φ) function invalid.
Construction of a ﬁt function for more realistic situations would have too many
parameters to feasibly constrain the ﬁt and obtain values of G, and instead the data
is appropriately scaled to account for these diﬀerences, as it was for the Σ extraction
on beam asymmetries.
When ﬁtting to data, the value of the parameter associated with PγΣ is con-
strained to the measured values from the regular asymmetry described in the pre-
vious subsection. This reduces the error in the extraction of G from the double
asymmetry, as the Σ observable is no longer a free parameter in the ﬁt, and corre-
lation eﬀects between the Σ and G parameters should be eliminated.
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Figure 6.16: Construction of a double asymmetry for low statistics simulated data.
The double asymmetry ﬁt must now be constrained by the value of Σ extracted
from the two beam asymmetries in order to extract the simulated value of the G
observable.133 Chapter 6. Extraction of Polarisation Observables
A test of the double asymmetry ﬁt on more realistic simulated data, with 20,000
events per polarisation state, is shown in ﬁgure 6.16. The parameter associated with
PγΣ is constrained to the mean value determined by cos(2φ) + sin(2φ) ﬁts to the
PARA/PERP beam asymmetries of the generated events for the two target states.
Both the double asymmetry technique, constrained by the Σ measurements on
butanol, and the alternative extraction of G from the cos(2φ) + sin(2φ) ﬁts for each
target polarisation state, will be used in this analysis.
Both techniques have limitations, with the extraction of G from the cos(2φ) +
sin(2φ) ﬁts open to large systematic uncertainties, given its simultaneous extrac-
tion with Σ and its manifestation as a phase shift in the asymmetry distribution.
Although the potential acceptance issues between target states and the return of
a single measurement per kinematic bin make the double asymmetry an attractive
proposition for the extraction of G, correlation eﬀects between the Σ and G observ-
ables are signiﬁcant without adequate constraint on Σ from other measurements.
6.5.3 Determination of φ0
One potential source of systematic uncertainty in the extraction of polarisation
observables via the asymmetry and double asymmetry techniques is associated with
the accuracy of the alignment of the diamond in the goniometer. A small angular
oﬀset in the diamond orientation will manifest as a phase oﬀset, φ0, as the PARA and
PERP photon polarisations will not be exactly aligned with their deﬁned directions.
The diamond was aligned at the start of the experiment, and its angular oﬀset
remains ﬁxed throughout the run. The oﬀset also remains ﬁxed regardless of energy
or kaon polar angle (θ), and as such its measurement is made over all kinematic bins
in W and θ
K+
CM to maximise the statistics used in the measurement.
Ideally, a high statistics channel, such as γp → pπ0 or γp → nπ+, would be used
to determine φ0 for the entire experiment, this makes the assumption that the phase
oﬀset is independent of the reaction channel. As a measurement on a high statistics
pion channel was not available at time of writing, the oﬀset was determined from
the data on the strangeness channels.
This determination of φ0 is made for each target individually, as their diﬀerent134 Chapter 6. Extraction of Polarisation Observables
z-vertex positions may eﬀect any oﬀset angle determined, as will the presence of
target polarisation in butanol, given that the G observable also acts as a phase shift
in the kaon φ distributions.
For the unpolarised targets, determining φ0 is a simple matter of including an
extra parameter on the cos(2φ) ﬁt for the asymmetry of the kaon φ distributions,
over all W and θ
K+
CM bins.
For the polarised butanol, φ0 is measured by ﬁrst adding the kaon φ distributions
for each state of target polarisation, normalised to account for the diﬀerent values of
polarisation in each direction. This should cancel the eﬀect of the G observable and
φ0 is extracted as it was for the unpolarised target. This cancellation of the G term
will introduce some systematic uncertainty in the measurement of φ0 for butanol,
but is necessary as the manifestation of G as a phase shift in the PARA/PERP
asymmetry would make a φ0 measurement much harder.
The values of φ0 measured for each target and reaction channel are shown in
table 6.4. For carbon and polythene, these values are small and will have very little
eﬀect on the measurements of observables on these targets. For butanol, the values
are much larger, underlining the diﬃculty in separating the oﬀset angle from the G
observable in an asymmetry of beam polarisation states.
Target Material Phase oﬀset angle for K+Λ Phase oﬀset angle for K+Σ
Carbon -0.034±0.045 -0.017±0.050
Polythene -0.115±0.055 -0.063±0.055
Butanol -0.250±0.10 -0.153±0.051
Table 6.4: Phase oﬀset angles for the three targets in FROST, for both the K+Λ
and K+Σ) reactions. Due to limited statistics on the carbon target, and diﬃculty
separating the phase oﬀset from the G polarisation observable on the polarised
butanol target, only the polythene data is used to determine the phase oﬀset.
Due to the diﬃculty in separating the G observable from the phase oﬀset on
the polarised target, the butanol data was not used in the determination of φ0.
Furthermore, because of the severely limited number of events available on the
carbon target, the measured φ0 values on carbon are also not used, leaving the
polythene target as the only data used to measure φ0.
Having determined a value of φ0, it can now be included as a ﬁxed parameter in135 Chapter 6. Extraction of Polarisation Observables
the ﬁt functions used for extracting observables, reducing one source of systematic
uncertainty in the ﬁnal results.
6.5.4 Extraction of PγΣ on Carbon
The quantity extracted from a cos(2φ) ﬁt on the PARA/PERP asymmetry of poly-
thene data is a simultaneous measurement of PγΣ for both the molecular protons in
polythene and its carbon nuclei. This is also the case for the PARA/PERP asym-
metry on butanol, where PγΣ is the parameter associated with the cosine term in a
cos(2φ) + sin(2φ) ﬁt.
In order to compute a value of PγΣ for the molecular proton on both these
targets, measurements of PγΣ for the carbon data are required, using the same
kinematic bins as used on the polythene and butanol targets.
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Figure 6.17: cos(2φ) ﬁt to the asymmetry of beam polarisation states on the carbon
data. PγΣ for carbon is extracted from the magnitude of the ﬁt.
The extraction of carbon from a cos(2φ) ﬁt to an asymmetry of PARA and PERP
events from the carbon target is shown in ﬁgure 6.17. These measurements are used
in conjunction with the carbon scaling factors to calculate PγΣ for the molecular
proton in polythene and butanol, which will be shown in the following subsections.136 Chapter 6. Extraction of Polarisation Observables
6.5.5 Extraction of Σ on Polythene
For the polythene data, a cos(2φ) ﬁt is performed on the PARA/PERP asymmetry
of kaon φ distributions in order to extract an overall value of PγΣ for polythene.
This value, which will be referred to as PγΣpolythene, is a measurement of two things;
PγΣproton associated with the molecular protons in the target, and PγΣcarbon, which is
contribution from the bound nucleons from the carbon present in polythene. These
two contributions contribute to PγΣpolythene as follows;
PγΣPolythene = Pγ
￿
NProton
NProton + NCarbon
ΣProton +
NCarbon
NProton + NCarbon
ΣCarbon
￿
(6.13)
Where NProton is the number of events corresponding to interactions with a
molecular proton in the target, estimated by subtracting the number of events on the
carbon target in the same bin, multiplied by the carbon scaling factor for polythene,
from the total number of events in the bin for polythene, NPolythene is the number of
polythene events, NCarbon is the carbon events, scaled by the carbon scaling factor
for polythene, Pγ is the degree of photon polarisation, and ΣProton, ΣPolythene and
ΣCarbon are the beam polarisation observable on the molecular proton, the polythene
target and carbon nuclei respectively.
By rearranging equation 6.13, a value of PγΣ for the molecular proton can be es-
timated from the measured values of PγΣPolythene, PγΣCarbon, and the carbon scaling
factor.
PγΣProton =
￿
1
NProton
￿
(NPolythenePγΣPolythene − NCarbonPγΣCarbon) (6.14)
The measured value of photon polarisation can then be divided oﬀ in order to
arrive at a value of Σ for the molecular proton. The limited available data on the
polythene and carbon targets mean that large statistical uncertainties are present
in the measurement. These errors will be smaller for measurements on the butanol
target, which has more data available, although the limited carbon data will act137 Chapter 6. Extraction of Polarisation Observables
Kaon azimuthal angle (degrees)
0 50 100 150 200 250 300 350
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
Figure 6.18: cos(2φ) ﬁt to the asymmetry of beam polarisation states on the poly-
thene data. PγΣ for polythene is extracted from the magnitude of the ﬁt. Further
analysis is required to extract a value for the molecular protons in the target.
against the possible error reduction.
6.5.6 Extraction of Σ on Butanol
As section 6.5.1 describes, the presence of polarised molecular protons in the butanol
target is accounted for by modifying the cos(2φ) ﬁt used for the unpolarised targets
to deal with the eﬀects of the G observable. The new ﬁt is based on a cos(2φ) +
sin(2φ) function, where PγΣ is the parameter associated with the cos(2φ) term.
Fits are performed on the butanol data for each kinematic bin and for each
polarisation state of the target, giving two PγΣ measurements per bin. Because the
Σ observable is independent of G, these measurements can be combined into a single
measurement, by producing a weighted mean of the two measurements.
As with the determination of φ0 on butanol, the phase shift induced by the G
observable can be cancelled by summation of the kaon φ distributions over the two
target polarisation states, and a cos(2φ) ﬁt performed to extract one PγΣ measure-
ment per bin. As before, the distributions must be normalised ﬁrst to account for the
diﬀerences in target polarisation in order to properly cancel the sin(2φ) associated
with the G observable.
The resulting measurements of PγΣbutanol has the same nature as those made138 Chapter 6. Extraction of Polarisation Observables
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Figure 6.19: cos(2φ)+ sin(2φ) ﬁt to the asymmetry of beam polarisation states for
the two target polarisation states of butanol. PγΣ for butanol is extracted from
the magnitude of the cos(2φ) term. Further analysis is required to combine these
measurements and extract a value for the molecular protons in the target.
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Figure 6.20: cos(2φ) ﬁt to the asymmetry of beam polarisation states for the sum-
mation of the two target polarisation states of butanol. PγΣ for butanol is extracted
from the magnitude of the ﬁt. Further analysis is required to extract a value for the
molecular protons in the target.
on polythene, with contributions to the measurement from molecular protons and
bound nucleons. These are handled in the same way as they were for polythene
in order to arrive at a value of PγΣproton for the butanol data, and the analogous
expression to equation 6.14 for the butanol target is given by;
PγΣProton =
￿
1
NProton
￿
(NButanolPγΣButanol − NCarbonPγΣCarbon) (6.15)139 Chapter 6. Extraction of Polarisation Observables
Where the symbols have similar meanings as before, and the butanol carbon
scaling factors are used to scale the carbon measurements instead of those for poly-
thene.
6.5.7 Extraction of G
For completeness, both methods described to measure the G observable; the cos(2φ)
+ sin(2φ) ﬁt, where the sin(2φ) term is associated with PγPTargetG, and the double
asymmetry technique, were used. As with the Σ measurements, the cos(2φ) +
sin(2φ) ﬁt will return two measurements of G for each kinematic bin.
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Figure 6.21: cos(2φ) + sin(2φ) ﬁt to the asymmetry of beam polarisation states
for the two target polarisation states of butanol. PγPTargetG is extracted from the
magnitude of the sin(2φ) term. Further analysis is required to extract a value of G
for the molecular protons in the target.
For the G observable, there is no contribution to PγPTargetG from the carbon
in butanol, as carbon nuclei are spin zero and hence unpolarisable. This makes
handling dilution of the G observable somewhat simpler than for Σ;
PγPTargetGProton =
￿
NButanol
NProton
￿
PγPTargetGButanol (6.16)
Where NProton, NButanol, and NCarbon have the same meanings as in equation
6.15, Pγ is the degree of photon polarisation, PTarget is the degree of polarisation
of the target, and GProton and GButanol are the G polarisation observable for the
molecular proton and on butanol.140 Chapter 6. Extraction of Polarisation Observables
Figure 6.22: Extraction of PγPTargetG from the double asymmetry technique. Large
statistical uncertainties arise in the ﬁt due to lack of available data. Further analysis
is required to extract a value for the molecular protons in the target.
6.6 Summary
Two polarisation observables, Σ and G, have been measured for the reactions γp →
K+Λ and γp → K+Σ0. For the Σ observable, these measurements have been made
on both the unpolarised polythene and polarised butanol targets, and it has been
demonstrated that the presence of target polarisation does not hamper such a mea-
surement.
The G beam-target double observable was measured on the polarised target via
two techniques, from the phase shift induced by the G observable in beam asymmetry
measurements, and the novel double asymmetry method developed by the author.
The dilution eﬀects of bound nucleons in the target material has been accounted
for in the extraction of both these observables from the data, with the Σ measure-
ment further complicated by an extra term in the dilution expression corresponsing
to the ability to measure the Σ observable on carbon.
The next chapter will present the full results of this analysis, and comparisons
will be made with previous data and theoretical predictions.Chapter 7
Results and Discussion
This ﬁnal chapter will present the results of the analysis described in the preceding
chapters of this thesis. To recap, two polarisation observables, Σ and G, were
measured for the reactions γp → K+Λ0 and γp → K+Σ0. The Σ results will be
compared to those from a previous JLab analysis and, in the absence of data to
compare the G results with, available model predictions will be used.
All results shown only display statistical errors for the quantities measured, with
the main systematic errors being 10% in photon polarisation and 5% from the respec-
tive determinations of the dilution of the Σ and G observables in the target materials
used. Additionally, the g8b data shown to compare with the Σ measurements has
an associated 5% systematic uncertainty in photon polarisation not included in the
error bars for the relevant plots.
7.1 Photon Asymmetry (Σ) Results
The Σ observable results on the polythene target are shown for each energy bin for
the K+Λ channel as a function of kaon centre-of-mass angle (cosθK+
cm ) in ﬁgure 7.1
and for the butanol target, as a weighted mean of the result for each state of target
polarisation, in ﬁgure 7.2. The butanol results are also compared with preliminary
data from the g8b experiment at JLab, rebinned to the same kinematic bins used
in the analysis [86] in ﬁgure 7.3.
Corresponding results for K+Σ0 on the polythene and butanol targets are shown
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in ﬁgures 7.4 and 7.5.
7.2 Discussion of Photon Asymmetry Results
Despite the large statistical errors, agreement can be seen between the polythene
and butanol data, for both the K+Λ and K+Σ results. The comparison between
the butanol results and the rebinned g8b data in ﬁgure 7.3 for K+Λ shows the g9a
results largely agree with this previous CLAS measurement, with the diﬀerences
due to systematic uncertainties resulting from the target material, particularly in
calculating the dilution in the asymmetry measurement associated with the presence
of bound nucleons in the target material, as well as systematic eﬀects in the photon
and target polarisations. Photon polarisations for both the g8b and g9a experiments
are still being studied, and the associated systematic uncertainties are not fully
determined at this time.
For K+Σ, rebinned data from the g8b experiment was not available at time of
writing, and the preliminary results from the PhD thesis of C. Paterson [39], with
diﬀerent kinematic binning, are shown instead for this channel. The ﬁrst two plots
in ﬁgure 7.6 correspond to the W = 1.715 GeV bin of g9a results, with the g9a
energy bins corresponding to the subsequent groups of four g8b plots, until the W
= 2.195 GeV bin, which overlaps the ﬁnal two plots in ﬁgure 7.6. Although not
directly comparable, the g9a data appears to reproduce the same broad features in
the Σ observable for K+Σ as g8b, but rebinned g8b data would be required to verify
this properly.
7.3 Beam-Target Observable, G
The G observable results are shown for the same binning in energy and cosθK+
cm as
the Σ results. Figure 7.7 shows the raw measurement of PγPtargetG from K+Λ on
butanol, from which the dilution and polarisations are accounted for to produce
a value of G for each state of target polarisation, shown in ﬁgure 7.8. A weighted
mean value of G is calculated from the values obtained for the two target polarisation143 Chapter 7. Results and Discussion
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Figure 7.1: Photon asymmetry on polythene for K+Λ as a function of cos(θK+
cm ) for
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Figure 7.2: Photon asymmetry on butanol for K+Λ as a function of cos(θK+
cm ) for
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Figure 7.3: Comparison of g8b and g9a photon asymmetries for K+Λ as a function
of cos(θK+
cm ) for W = 1.715 to 2.280 GeV. Red lines indicate the g9a data, green and
blue lines indicate the corresponding W bin from g8b for adjacent coherent peak
settings around the W bin.146 Chapter 7. Results and Discussion
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Figure 7.4: Photon asymmetry on polythene for K+Σ as a function of cos(θK+
cm ) for
W = 1.715 to 2.280 GeV.147 Chapter 7. Results and Discussion
))
+ K CM θ Centre of Mass Angle (Cos(
-1 -0.5 0 0.5 1
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
W = 1.715 GeV
))
+ K CM θ Centre of Mass Angle (Cos(
-1 -0.5 0 0.5 1
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
W = 1.820 GeV
))
+ K CM θ Centre of Mass Angle (Cos(
-1 -0.5 0 0.5 1
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
W = 1.920 GeV
))
+ K CM θ Centre of Mass Angle (Cos(
-1 -0.5 0 0.5 1
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
W = 2.015 GeV
))
+ K CM θ Centre of Mass Angle (Cos(
-1 -0.5 0 0.5 1
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
W = 2.105 GeV
))
+ K CM θ Centre of Mass Angle (Cos(
-1 -0.5 0 0.5 1
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
W = 2.195 GeV
))
+ K CM θ Centre of Mass Angle (Cos(
-1 -0.5 0 0.5 1
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
W = 2.280 GeV
Figure 7.5: Photon asymmetry on butanol for K+Σ as a function of cos(θK+
cm ) for
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Figure 7.6: Preliminary measurements of the beam polarisation observable (Σ) for
the reaction γp → K+Σ0 as a function of cosθK+
cm from the g8b experiment at
CLAS [39] for a series of photon energy bins ranging from Eγ = 1.125 to 2.075 GeV.
These energies are displayed in MeV in the boxes at the top left of each plot.149 Chapter 7. Results and Discussion
states, shown in ﬁgure 7.9. Finally, the G measurement for K+Λ from the double
asymmetry technique described in the previous chapter is shown in ﬁgure 7.10.
Figures 7.11 to 7.14 show the corresponding plots for the K+Σ0 channel.
The mean G results from the two target states for K+Λ are compared with
the Kaon-MAID predictions for G, with and without the inclusion of a D13(1900)
resonance in ﬁgure 7.15, and the K+Σ results compared with a Kaon-MAID line in
ﬁgure 7.16.
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Figure 7.7: PγPtargetG for K+Λ as a function of cos(θK+
cm ) for W bin centres ranging
from 1.715 to 2.195 GeV. Red points indicate the positively polarised target and
blue points the negatively polarised target.150 Chapter 7. Results and Discussion
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Figure 7.8: G observable for K+Λ as a function of cos(θK+
cm ) for W bin centres
ranging from 1.715 to 2.195 GeV. Red points indicate the positively polarised target
and blue points the negatively polarised target.151 Chapter 7. Results and Discussion
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Figure 7.9: Mean of the positive and negative G observable measurements for K+Λ
as a function of cos(θK+
cm ) for W bin centres ranging from 1.715 to 2.195 GeV.152 Chapter 7. Results and Discussion
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Figure 7.10: G observable for K+Λ from the double asymmetry as a function of
cos(θK+
cm ) for W bin centres ranging from 1.715 to 2.195 GeV.153 Chapter 7. Results and Discussion
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Figure 7.11: pγptargetG for K+Σ as a function of cos(θK+
cm ) for W bin centres ranging
from 1.715 to 2.195 GeV. Red points indicate the positively polarised target and
blue points the negatively polarised target.154 Chapter 7. Results and Discussion
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Figure 7.16: Mean values of the G observable for K+Σ compared with model pre-
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7.4 Discussion of G Observable Results
Before the polarisation and dilution eﬀects are taken into account, the PγPtargetG
measurements on butanol for both K+Λ and K+Σ0 extracted for each state of target
polarisation display similar magnitudes and opposite sign in each bin. The existence
of several bins which do not obey this expected observation oﬀers some explanation
of the diﬃculty in obtaining consistent results between the target polarisation states
once polarisation and dilution are accounted for, and the problems encountered in
separating the G observable from the phase oﬀset angle when measuring G via the
asymmetry of beam polarisation states.
The double asymmetry measurements are also somewhat limited, by both a lack
of available data and insuﬃcient constraint in the ﬁt of the Σ observable. Despite
these problems, in bins where the double asymmetry ﬁt does not fail completely,
the values obtained have been consistent with the mean values of G measured over
the two target polarisation states.
For both K+Λ and K+Σ0, the G observable appears to be positive over the
entire kinematic range, with the exception of the backward angles for K+Σ0 near
threshold energy.
When compared with the predictions of the Kaon-MAID model, some agreement
between the K+Λ predictions without the D13 resonance can be seen, with the W =
2.015 results following the general trend of the line. For K+Σ0, several energy bins
track the trend of the Kaon-MAID line, although no deﬁnitive conclusions should
be drawn from such preliminary measurements.
7.5 Conclusions
This thesis presents the ﬁrst, preliminary, measurements of the Σ and G polarisation
observables from strangeness photoproduction on a frozen spin polarised target, for
the γp → K+Λ and γp → K+Σ0 reactions. In addition, measurements of the photon
asymmetry, Σ, and their agreement with previous CLAS measurements, have shown
that polarisation observables can be measured on the target materials used in this
experiment and that the background and dilution eﬀects associated with such a160 Chapter 7. Results and Discussion
target can be accounted for.
The results for the G observable for the K+Λ channel tend not to agree with the
available Kaon-MAID predictions, either with or without the presence of the missing
D13 resonance. However, at higher energies the data does begin to show some be-
haviour that better matches Kaon-MAID when the D13 resonance is not included in
the calculation. For K+Σ, the calculation does not include any missing resonances,
with the data also appearing to follow the trend of the model prediction, without
conclusively matching it. By reﬁtting the models to this new data, better agreement
may be possible, and much work remains before the full theoretical implications of
these measurements are realised.
Further studies are necessary to explain the inconsistencies between the G mea-
surements for each state of target polarisation, particularly at forward angles, and
the limitations encountered by the double asymmetry technique, whose develop-
ment was intended to negate the need to measure G for individual states of target
polarisation.
The inconsistencies between the target states are further exaggerated once dilu-
tion of the butanol data is accounted for to estimate G on the proton. The dilution
calculation applied is identical across the entire cos(θK+
cm ) range, and the assump-
tion of invariant dilution across the entire angular range may be one reason for the
diﬀering values of G for each polarisation state. Time was not available to study
this in more detail, and a lack of carbon data hampered preliminary attempts to
calculate the dilution in each bin.
Another diﬃculty in obtaining reliable measurements of G between the target
states is the separation of G from the phase oﬀset angle, φ0, as the observable
manifests itself as a phase shift in the asymmetry of beam polarisation states. A
measurement of the phase oﬀset angle on the higher statistics pion photoproduction
data from this experiment would be an important step in improving the reliability
of measurements of the G observable.
In the double asymmetry, the constraint of parameters was insuﬃcient to al-
low the ﬁt to obtain values of G without large statistical uncertainties, and with
a lack of data these constraints were even more important in successfully measur-161 Chapter 7. Results and Discussion
ing G. Constraining the parameter in the double asymmetry associated with the Σ
observable using previous measurements, which have smaller errors than those ob-
tained in this work, may allow the double asymmetry technique to measure G with
reduced uncertainty. This would require additional work to take account of the cur-
rent construction of the double asymmetry, whose Σ constraints are the undiluted
measurements on the butanol target, whereas other data are from a free proton
target.
It is anticipated that forthcoming analysis of the systematics of the beam polar-
isation, and a comparison of the scaling factors and resulting dilution of observables
with higher statistics channels, such as single pion photoproduction will act to enable
improved measurements on the strangeness channels. This, coupled with further in-
vestigations of the methods of extracting G from the available data, including the
application of Bayesian techniques to the extraction of observables, will move these
ﬁrst measurements for K+Λ and K+Σ towards publishable status.Bibliography
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